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ABSTRACT
The dual  emissions p r e v i o u s ly  repor ted  f o r  f lu o r a n t h e n e ,  2 -  
pheny Inaphtha lene  and 1 , 2 -b e n z f lu o r e n e  have been shown to  o r i g i n a t e  
from t ra c e s  of  i m p u r i t i e s  p resent  in these  compounds and a re  not  
c h a r a c t e r i s t i c  of the subsystems of the molecules themselves.
The e l e c t r o n i c  s t a t e s  of  2 -ph en y In ap h th a len e  have been eva lu a te d  
as a f u n c t io n  of  the ang le  between the  a rom at ic  r in gs  by means of  
spe ctros cop ic  s tu d ie s  on the 1 - h a lo ,  6-bromo,  2 ' - h a l o ,  V - h a l o  and 
2 ' -methy l  d e r i v a t i v e s  of  2 -phen y In aph tha lene .  The e l e c t r o n i c  s ta te s  
of p la n a r  2 -p h en y ln ap h th a len e  a r e  compared w i th  those o f  1 , 2 - b e n z -  
f lu o r e n e .  The room tem pera ture  s o l u t io n  a b s o rp t io n  sp e c tra  and the  
7 7 ° K a b s o r p t io n ,  f lu o re s c e n c e  and phosphorescence sp e c tra  from r i g i d  
g lassy  s o lu t io n  a re  shown f o r  a l l  the  2 -p h en y In ap h th a len e  d e r i v a t i v e s  
t h a t  were s tu d ied .
Exper im enta l  ev idence  is  presented  to  i n d i c a t e  t h a t  s trong  
c o u p l ing  e x i s t s  between th e  two r ings  o f  2 -p h en y In ap h th a len e  in the  
ground s t a t e  and t h a t  the i n t e r a c t i o n  energy increases in  the e x c i t e d  
s t a t e .  There  is s t rong ev idence  f o r  a r o t a t i o n  from an out o f  p lane  
Franck-Condon e x c i t e d  s t a t e  to  a p la n a r  e q u i l i b r i u m  e x c i t e d  s t a t e .
The r in g  c o u p l ing  is  m in imized as the a n g le  between the r ings  approaches
90 degrees.  There  is  some i n d i c a t i o n  o f  s t a b i l i z a t i o n  o f  the 90 degree  
c o n f i g u r a t io n  in  some of  the  halogen d e r i v a t i v e s  by h a lo g e n -p i  cloud  
i n t e r a c t  ions.
Evidence is presented  which in d ic a t e s  t h a t  even the most weakly  
coupled 2 -p h e n y ln a p h th a le n e  c o n f i g u r a t i o n  cannot e x h i b i t  emission  
p r o p e r t i e s  c h a r a c t e r i s t i c  of  both the  benzene and naphthalene sub­
systems. I f  two emissions were to  be observed from 2 -pheny lnaph­
t h a l e n e ,  they would o r i g i n a t e  from two d i f f e r e n t  m o lecu la r  c o n f i g ­
u r a t io n s .  A l l  the  assignments o f  the  energy s t a t e s  observed in  
2 -ph en y ln ap h th a len e  a r e  those o f  the  t o t a l  molecule .  SCFMO 
c a l c u l a t i o n s  o f  these energy s t a t e s  were c a r r i e d  out on the p la n a r  
2 -ph en y ln ap h th a len e  system using the methods of  P a r i s e r ,  P a r r  and 
Pople .  The r e s u l t s  o f  t h i s  computat ion agree  w e l l  w i t h  the e x p e r i ­
mental data .
F luorescence  and phosphorescence quantum y i e l d s  and phospho­
rescence l i f e t i m e  data  a re  presented  f o r  a l l  compounds t h a t  were 
stu d ied .  The s p i n - o r b i t a l  co u p l in g  e f f e c t s  f o r  halogen s u b s t i t u t i o n  
in  the phenyl  r in g  tend to  i n d i c a t e  t h a t  t h e r e  is  ve ry  s t rong c o u p l ing  
between the subsystems in  the t r i p l e t  s t a t e .  The e m i t t i n g  species  
in  the  t r i p l e t  s t a t e  is  a l s o  a t t r i b u t e d  to  a t o t a l  molecule  chromo-  
phore.
x i  i  i
CHAPTER I 
LITERATURE SURVEY AND THEORY
A. I n t r o d u c t i o n  and General  Theory
The e l e c t r o n i c  s t a t e s  o f  s e v e ra l  composite molecules composed
of  s m a l le r  i n t e r a c t i n g  subsystems have r e c e n t l y  been i n t e r p r e t e d  in
terms of  the  e l e c t r o n i c  s t a t e s  o f  the subsystems. Molecules  o f  t h is
type t h a t  have rece ived  the  most a t t e n t i o n  both e x p e r im e n t a l l y  and
t h e o r e t i c a l l y  a r e  f lu o r a n t h e n e ,  the  p h e n y ln a p h th a le n e s , and the
ben z f lu o ren e s .  A l l  these compounds a re  composed o f  i n d i v i d u a l
benzene and naphtha lene subsystems. The f lu o r a n th e n e  system was 
1 2s tud ied  by Ory and Wharton. The da ta  were i n t e r p r e t e d  by Wharton 
in  terms o f  e x c i t o n  i n t e r a c t i o n  theory .  Both the  t h e o r e t i c a l  and 
the  exp e r im e n ta l  s tu d ie s  seemed to  i n d i c a t e  t h a t  the molecules had 
e l e c t r o n i c  s t a t e s  c h a r a c t e r i s t i c  of  both the benzene and naphthalene  
subsystems. The 2 -p h e n y ln a p h th a le n e  system was s tu d ied  by H a r r i s ^  
who concluded from exp e r im e n ta l  da ta  t h a t  t h e r e  were e l e c t r o n i c  
s t a te s  c h a r a c t e r i s t i c  of  a t o t a l  molecule  and those c h a r a c t e r i s t i c
^Horace O ry ,  Ph.D. D i s s e r t a t i o n ,  Lou is ian a  S t a t e  U n i v e r s i t y ,  
Baton Rouge, ( 1 9 5 7 ) ,  p. 41.
2
J. H. Wharton,  Ph.D. D i s s e r t a t i o n ,  L o u is iana  S t a t e  U n i v e r s i t y ,  
Baton Rouge, ( 1 9 6 2 ) ,  p. 1-4.
^J. H a r r i s ,  Ph.D. D i s s e r t a t i o n ,  L o u is ia n a  S t a t e  U n i v e r s i t y ,  
Baton Rouge, ( 1 9 6 5 ) ,  p. 39-
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2of the naphthalene subsystem. Dual f luo re scenc es  and phosphorescences  
were repor ted  in  a l l  these i n v e s t i g a t i o n s .  In gen era l  th e r e  is  observed  
o n ly  a s i n g l e  f lu o re s c e n c e  and phosphorescence emission from a s in g le  
m olecu la r  species f o r  molecules having normal energy l e v e l  spacings.
Th is  i n v e s t i g a t i o n  was i n i t i a t e d  to  f u r t h e r  c h a r a c t e r i z e  the e l e c t r o n i c  
s ta te s  and dual emission p r o p e r t i e s  of  2 -p h en y ln aph tha lene  and to  
determ ine  d e f i n i t e l y  whether or  not these emissions a r i s e  from the  
i n d i v i d u a l  subsystems.
In  o r d e r  to  i n t e r p r e t  the composite molecules as "molecules  w i t h i n  
m olecu les" ,  i t  is  necessary  to  co n s id e r  the d i f f e r e n t  cases t h a t  may 
a r i s e  when the c o u p l ing  between the subsystems v a r i e s  from no i n t e r ­
a c t io n  a t  a l l  to  some l a r g e  v a lu e  in  which the subsystems lose t h e i r  
i n d i v i d u a l  i d e n t i t i e s .  The s im p les t  s i t u a t i o n  t h a t  can a r i s e  is  the  
h y p o t h e t i c a l  case in which the subsystems a re  com ple te ly  independent.
In such a system the  spe c tros cop ic  p r o p e r t i e s  o f  the m olecu le  should 
be e x a c t ly  those o f  the combined independent subsystems. These 
p r o p e r t i e s  should be e x a c t l y  the  same as those of a p h y s ic a l  m ix tu re  
of the m o le c u la r  species compris ing the subsystems. The ab s o rp t io n  
spectrum o f  molecules of  t h i s  k ind should be a s u p e r p o s i t io n  o f  the  
a b s o rp t io n  sp e c t ra  of  the  i n d i v i d u a l  subsystems. The f lu o re s c e n c e  
and phosphorescence emissions o f  both subsystems should be observab le  
when p r o p e r ly  e x c i t e d  under c o n d i t io n :  t h a t  m in im ize  in t r a m o l e c u la r  
energy t r a n s f e r .  I f  the a b s o rp t io n  t r a n s i t i o n s  o f  the  two subsystems 
are  s u f f i c i e n t l y  separated  so th a t  on ly  subsystem 1 is e x c i t e d ,  on ly  
the emission c h a r a c t e r i s t i c  of  subsystem 1 would be observed and i f
3subsystem 2 were e x c i t e d ,  on ly  the emission c h a r a c t e r i s t i c  o f  subsystem 
2 would be observed. In  the case of  weakly coupled molecules in  which  
arom at ic  subsystems a re  in s u la t e d  from each o t h e r  by methylene groups,  
the  v i b r a t i o n a l  f re q u e n c ie s  o f  the  f i r s t  e x c i t e d  s t a t e  have been 
observed to  be those c h a r a c t e r i s t i c  of  the  i n d i v i d u a l  a rom at ic  r ings .  
Th is  c o n serva t io n  of  v i b r a t i o n a l  f re q u e n c ie s ,  however,  does not  occur
L
when the r ings  a r e  s t r o n g ly  coupled through groups such as -CH = CH-.
In most r e a l  m o lecu la r  systems, th e re  w i l l  be some coupl ing  
between the i n d i v i d u a l  subsystems, even though t h i s  coupl ing  may be 
very  smal l  in  some cases. In  such weakly coupled systems, one may 
s t i l l  observe the p r o p e r t i e s  of  the  i n d i v i d u a l  subsystems but the  
p r o p e r t i e s  o f  a g iven  subsystem may be somewhat pe r tu rb ed  by the  
presence of  the  second subsystem.
Since in t h is  work molecules c o n ta in in g  two d i f f e r e n t  subsystems 
are  being con s id e red ,  the problem o f  energy t r a n s f e r  between the  
coupled subsystems must a l s o  be considered .  The term energy t r a n s f e r  
is u s u a l l y  reserved f o r  the n o n - r a d i a t i v e  t r a n s f e r  o f  e x c i t a t i o n  
energy from one e x c i t e d  donor species to  ano ther  acc ep to r  species  
the  lowest e x c i t e d  s t a t e  o f  which has lower energy than th a t  o f  the
donor. The mechanism f o r  t h i s  r a d i a t i o n l e s s  t r a n s f e r  between molecules
5 6has been t r e a t e d  by F o r s t e r  and has been a p p l i e d  to  o t h e r  systems,
D. S. McClure ,  Sol id  S t a t e  Phys i c s , 8 ,  (1959) , p- 3-
5
Th. F o r s t e r ,  F lu o resz e n z  Orqan ischer  Verb indunqen , Vanderhoek  
and Ruprecht ,  G o e t t in g e n ,  ( 1 9 5 1 ) ,  Chapter  IV.
^Th F o r s t e r ,  D i s c . Faraday Soc. 2 7 . ( 1 9 5 9 ) ,  P- 7-
kin which the t r a n s f e r  occurs between two i n t e r a c t i n g  subsystems such 
as those s tud ied  in  t h i s  research.  Consider how t h i s  process may 
occur in a system l i k e  2 -phen y ln aph tha lene .  In t h i s  system the  
benzene p o r t io n  of the m olecu le  must be the donor species.  Assume
the benzene subsystem to  be e x c i t e d  to  i t s  f i r s t  e x c i t e d  s i n g l e t  s t a t e .
-13 -12In a very  short  i n t e r v a l  of  t im e ,  10 -  10 s e c . , i t  is i n t e r n a l l y
converted  to the lowest  v i b r a t i o n a l  l e v e l  of  t h a t  s t a t e .  Assuming
t h a t  the tem pera ture  is low enough, the e x c i t e d  species w i l l  remain
a t  t h i s  lowest  v i b r a t i o n a l  l e v e l  throughout the remainder  of  i t s
"6e l e c t r o n i c  l i f e t i m e  of  about 10 sec. A f t e r  t h is  t ime i n t e r v a l  i t  
w i l l  r e t u r n  to  the ground s t a t e  by a spontaneous r a d i a t i v e  or non- 
r a d i a t i v e  process. Suppose th a t  the energy d i f f e r e n c e  f o r  one of  
these p o s s ib le  d e a c t i v a t i n g  processes in  the donor species corresponds  
e x a c t ly  to  t h a t  f o r  a p o s s ib le  a b s o r p t io n  t r a n s i t i o n  in  the nearby 
acc ep to r  sp e c ie s ,  the naphtha lene subsystem in t h i s  case. Then w i th  
s u f f i c i e n t  e n e r g e t i c  coup l ing  between these sp e c ie s ,  both processes  
may occur s im u l ta n e o u s ly ,  r e s u l t i n g  in  a t r a n s f e r  of  e x c i t a t i o n  from 
donor to  acceptor .  The c o n d i t io n s  f a v o r a b l e  f o r  t h i s  resonance t r a n s f e r  
a re  s u f f i c i e n t  o v e r la p  between the  donor f lu o re s c e n c e  and acceptor  
a b s o rp t io n  and a s u f f i c i e n t l y  sho rt  d is ta n c e  between donor and acceptor  
species .  Both these c o n d i t io n s  a r e  very  ade q u a te ly  met in  the subsystems 
of  2 -phen y ln aph tha lene .  The f lu o re s c e n c e  spec tra  o f  benzene d e r i v a t i v e s  
almost i d e n t i c a l l y  c o in c id e  w i th  the r e l a t i v e l y  in tense  ' Lg •- 'A 
a b s o rp t io n  t r a n s i t i o n  of  naphthalene.  S ince the two subsystems are  
separated by on ly  ap p ro x im a te ly  1 .5  A . , the c o n d i t io n s  a re  very  f a v o r a b l e  
f o r  resonance energy t r a n s f e r .
5The r a t e  of  energy t r a n s f e r  between two molecules o r  two ’ 'molecules  
w i t h i n  a molecule"  depends on the magnitude of the coup l ing  between the  
donor and acceptor  species.  I f  the r a t e  o f  energy t r a n s f e r  is  ex t rem ely  
slow, i t  would be p o s s ib le  to  observe the emission p r o p e r t i e s  o f  the  
benzene subsystem b e fo re  the e x c i t a t i o n  energy is t r a n s f e r r e d  to  the  
naphtha lene p o r t io n  o f  the m olecu le .  There  e x i s t s  some amount of  
c o u p l ing  between the two subsystems, above which the r a t e  of  energy  
t r a n s f e r  becomes too ra p id  to  observe the i n d i v i d u a l  emission p r o p e r t i e s  
of  the  benzene subsystem. T h i s ,  f o r  a l l  p r a c t i c a l  purposes,  must occur  
a t  the  p o in t  a t  which p h y s ic a l  measurements a r e  no longer  capable  of  
observ ing  these i n d i v i d u a l  p r o p e r t i e s .  I t  is  d i f f i c u l t  to  e v a lu a te  
t h i s  i n t e r a c t i o n  energy.  However, i t  can be es t im a te d  f o r  t y p i c a l  
o rg a n ic  molecules on the basis  of  the  u n c e r t a i n t y  p r i n c i p l e ,  which  
may be w r i t t e n  in  the f o l l o w i n g  fo rm :^
in which T is  the average t ime t h a t  the  e x c i t a t i o n  energy remains on 
the donor subsystem b e fo r e  i t  is t r a n s f e r r e d  to  the a c c e p to r ,  h is 
P l a n c k 's  constan t  and A E  is the  i n t e r a c t i o n  energy between the donor  
and accep to r .  T h is  e qu a t ion  was a p p l ie d  by McClure in  cases where 
e l e c t r o n i c  and v i b r a t i o n a l  i n t e r a c t i o n s  were e v id e n t .  In  t h a t  
p a r t i c u l a r  case the v a lu e  of  A E  included the v i b r a t i o n a l  and e l e c ­
t r o n i c  c o u p l ing  ( i n t e r a c t i o n  energy)  between the subsystems o f  the
^D. S. McClure,  l o c . c i  t .
6double molecules.  The v a lu e  of  A E  was determined from s p l i t t i n g s  in  
the  v i b r a t i o n a l  bands o f  the double molecules as compared , . i t h  those  
of  the i n d i v i d u a l  subsystems.
I f  e l e c t r o n i c  e x c i t a t i o n  in  2 -p h en y ln aph tha lene  is l o c a l i z e d  in 
the  subsystems, the e l e c t r o n i c  energy t r a n s f e r  r a t e  between subsystems 
is  o f  pr im ary  i n t e r e s t .  In  the case of  2 -ph en y ln ap h th a len e  the magnitude  
of A E  f o r  each t r a n s i t i o n  should be determined f o r  the most p a r t  by the  
e l e c t r o n i c  cou p l ing  between the two subsystems. Thus A E  f o r  each 
t r a n s i t i o n  could be es t im a te d  from the s h i f t s  observed in  the i n d i v i d u a l  
a b s o rp t io n  bands o f  2 -p h en y ln ap h th a len e  compared w i t h  those o f  the i n d i ­
v i d u a l  subsystems. Whether or  not an emission from the assumed phenyl  
subsystem would be observed depends upon the e l e c t r o n i c  coup l ing  between 
the t r a n s i t i o n  to  the lowest  energy s t a t e  o f  the  phenyl subsystem and 
the  lower energy t r a n s i t i o n s  in  the naphtha lene subsystem. T h is  means 
t h a t  s h i f t s  observed in the ' L, •" 'A and ‘ L •- 'A t r a n s i t i o n s  of  2 - p h e n y l -D d
naphtha lene  compared to  those o f  naphtha lene should r e f l e c t  the A E  of  
i n t e r a c t i o n  p e r t i n e n t  to  the r a te  o f  energy t r a n s f e r .  I t  is  a ls o  
p o s s ib le  f o r  th e  donor species t o  t r a n s f e r  energy to  the surrounding  
m olecu les;  however,  cou p l ing  w i t h  a subsystem o f  the same m olecule  w i l l  
n e a r ly  always be g r e a t e r  than t h a t  w i th  o th e r  m olecu les ,  hence the i n t r a ­
m o le c u la r  t r a n s f e r  w i l l  be the l i m i t i n g  f a c t o r .
I f  the v a lu e  o f  T is  not g r e a t e r  than one v i b r a t i o n a l  p e r io d  f o r  
a p a r t i c u l a r  p a r t  o f  a m o le c u le ,  i t  is of  no v a lu e  to  even cons ider  
th a t  p a r t  as being an independent subsystem. In  such a s i t u a t i o n  
th e re  is no bas is  f o r  i d e n t i f i c a t i o n  of  the v i b r a t i o n a l  f re q u e n c ie s
7as be longing  to  a g iven  subsystem. Since v i b r a t i o n a l  per iods  a re  of  the  
ord er  of  10 ^  -  10 ^  sec. , t h is  corresponds to  an i n t e r a c t i o n  energy  
o f  0. 3 -  300 cm, These energy d i f f e r e n c e s  a r e  on the b o r d e r l i n e  of
being too smal l  to  be measurable from u l t r a v i o l e t  spec tra .
I f  one takes the stand t h a t  the sep ara te  energy s t a t e s  o f  the  
independent subsystems do e x i s t ,  then emissions from both subsystems 
can o n ly  be observed i f  the  r a d i a t i v e  l i f e t i m e  o f  the donor e x c i t e d  
s t a t e  is  less than the t ime requ ired  f o r  energy t r a n s f e r  to  the acceptor .
For most o rg a n ic  species the  e x c i t e d  s t a t e  l i f e t i m e  is  o f  the o rd e r  of
~8 ” 110 sec. Th is  corresponds to  a va lu e  of  .003  cm. f o r  A E .  In terms
o f  2 -p h e n y ln a p h th a le n e ,  t h i s  means th a t  i f  the benzene and naphthalene  
subsystems a re  coupled by an energy g r e a t e r  than about .003  cm. the  
chances o f  observ ing  a benzene emission a r e  r a t h e r  remote even when 
the  e x c i t a t i o n  is  in  the  region o f  the benzene ab s o rp t io n .
The q u e s t io n  o f  whether  the p r o p e r t i e s  o f  2 -phen y ln aph tha lene  
can be considered as being t h e  combined p r o p e r t i e s  of  the benzene and 
naphtha lene p o r t io n s  o f  the m olecu le  has e s s e n t i a l l y  been reduced to  
the  q ue s t ion  o f  whether  or  not the e l e c t r o n i c  i n t e r a c t i o n  energy between 
the two subsystems is less than the 0 .3  -  300 cm. * l i m i t  proposed f o r  
the i n d i v i d u a l  subsystems to  have any v i b r a t i o n a l  i d e n t i t y .  The 
q ue s t ion  o f  whether or  not the  emissions from both subsystems can 
be observed reduces to  the q ue s t ion  of  whether or  not the i n t e r a c t i o n  
energy is less than about .003  cm. * so t h a t  emission can s u c c e s s fu l ly  
compete w i th  in t r a m o l e c u la r  energy t r a n s f e r .
The s m a l le s t  amount o f  c o u p l ing  w i l l  be observed in 2 - p h e n y l ­
naphtha lene  when the  two a rom at ic  r ings  a re  a t  90 degrees to  each o th e r .
8Simple m o lecu la r  o r b i t a l  theory  p r e d i c t s  no resonance i n t e r a c t i o n  under  
these c i rcum stances ,  because the i r - e le c t r o n  wave fu n c t io n s  a re  assumed
to have a node in  the p lane  o f  the molecule.  Th is  is  not s t r i c t l y
13 8t r u e ,  however. C s p l i t t i n g s  have been observed in the ESR spectrum
of  the naphtha lene  anion.  I f  the pi  o r b i t a l s  had nodes in the p lane
of  the m o lecu le ,  s p l i t t i n g  would not be observed in  the spectrum.
In the o p in io n  of  the  w r i t e r  the i n t e r a c t i o n  a t  90 degrees w i l l  be
much g r e a t e r  than .003  cm.
In o r d e r  to  a c c u r a t e ly  e v a lu a te  the i n t e r a c t i o n  between the two
rings in  2 -p h e n y ln a p h th a le n e  i t  is  necessary to  observe the changes
in the e l e c t r o n i c  energy l e v e l s  as the ang le  between the  r ings  is
v a r i e d  from the p la n a r  c o n f i g u r a t i o n  to  90 degrees out  o f  the p lane.
The v a r i a t i o n  in  r in g  ang le  is  best  accomplished by use of  s u b s t i t u e n t s
t h a t  change the ang le  e i t h e r  by a t t r a c t i v e  f o r c e s  or  s t e r i c  rep u ls ions .
Th is  was the ex p e r im e n ta l  approach taken by the author  to  e v a lu a t e  the
e l e c t r o n i c  energy s t a t e s  o f  2 -phen y ln aph tha lene .
There  a re  th r e e  common systems f o r  c l a s s i f i c a t i o n  of  e l e c t r o n i c
9a b s o rp t io n  t r a n s i t i o n s  o f  a rom at ic  hydrocarbons.  C l a r  has c l a s s i f i e d  
the bands as Of, j3 and para accord ing  to  t h e i r  observed s i m i l a r i t i e s  in  
i n t e n s i t i e s  and s h i f t s  w i t h  s u b s t i t u t i o n  a long a g iven  a x is  of  the  
molecule .  P l a t t ^  has c l a s s i f i e d  the a b s o rp t io n  bands accord ing  to
M. Bersohn and J. C. B a i r d ,  An I n t r o d u c t io n  to  E le c t r o n  P a r a ~ 
maqnetic  Resonance, W. A. Benjamin,  Inc .  , New York ,  ( 1 9 6 6 ) ,  p. 96.
q
E. C l a r ,  Spectroch im . A c t a . , 4 ,  (1959) ■ P- 116.
^ J .  R. P l a t t ,  jJ. Chem. Phys. , ( 1 9 4 9 ) ,  p. 484.
9a p e r im e te r  f r e e  e l e c t r o n  model. In  t h i s  c l a s s i f i c a t i o n  the Ot bands
o f  C la r  correspond to  the 'L^ *- ‘A t r a n s i t i o n ,  the  para bands to  the
'U 'A t r a n s i t i o n  and the  3  bands to  the ' B. *- 'A t r a n s i t i o n .  Th is  a d
system d es ign a tes  both the ground and e x c i t e d  s t a t e s  o f  the t r a n s i t i o n .  
The t h i r d  and most g e n e r a l l y  accepted c l a s s i f i c a t i o n  is  t h a t  based on 
group t h e o r y . ^  T h is  system i d e n t i f i e s  the symmetry species o f  both 
the  ground and e x c i t e d  s t a t e s .  In  the 2 -p h en y ln ap h th a len e  m olecu le ,  
the  la c k  o f  symmetry makes the group theory  n o t a t io n  somewhat 
u n s u i t a b le  and the C l a r  c l a s s i f i c a t i o n  has not been w id e ly  accepted  
in  t h is  country  in  recent  years .  The p e r im e te r  f r e e  e l e c t r o n  model 
is  c e r t a i n l y  not a p p l i c a b l e  to  2 -p h e n y ln a p h th a le n e ;  however,  the  P l a t t  
n o t a t io n  is  used in  t h i s  research on the bas is  of  s i m i l a r i t i e s  of  
p o s i t io n s  and i n t e n s i t i e s  o f  the observed t r a n s i t i o n s  compared w i th  
those of  benzene,  naphthalene and phenanthrene.
B. K ine t  ics of  Exci ted S t a t e  P o p u la t io n
F i g u r e  1 is  a schematic  d iagram showing the  low l y in g  e x c i t e d  
s t a t e s  of  a t y p i c a l  a rom at ic  m olecu le  and the  r a t e  constan ts  f o r  the  
v a r io u s  modes of  e x c i t a t i o n  and decay. The s o l i d  l in e s  in  F ig u r e  1 
represen t  r a d i a t i v e  processes and the dashed l in e s  represen t  non-  
r a d i a t i v e  processes.  The symbols f o r  the r a t e  constan ts  a re  id e n ­
t i f i e d  as f o l lo w s :
Kq -  s i n g l e t - s i n g l e t  a b s o rp t io n
Kp -  f lu o re s c e n c e  emission







Ground S ta te
FIGURE 1, Pathways of  Excited  S ta te  E x c i ta t io n  and Decay o
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KIC
-  i n t e r n a l  convers ion
kfq
-  f lu o re s c e n c e  quenching ( a l l  p o s s ib le  modes)
KISC -  in te rs y s te m  cross ing
K. -  t r i p l e t - t r i p l e t  a b s o rp t io n
K
P
-  phosphorescence emission
K ^ -  phosphorescence quenching ( a l l  p o s s ib le  modes)
12F o r s t e r  has discussed the k i n e t i c s  of f lu o re s c e n c e  and phos­
phorescence in  the l i m i t i n g  case o f  low t r i p l e t  c o n c e n t ra t io n s  and low 
i n t e n s i t y  of  e x c i t i n g  l i g h t  so t h a t  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  and 
t r i p l e t - t r i p l e t  a b s o rp t io n  need not be considered.  The tem pera ture  
w i l l  a l s o  be assumed to  be low enough so t h a t  -* Sj processes can 
be neg lec ted .  The f o l l o w i n g  equat ions app ly .
S i n g l e t  Decay = K<)[ , g  .  (Kp + ^  + K|s(.)[s]  <Z)
T r i p l e t  Decay ^ I l i  = K| S C ^ " * Kp + KP H ^ T  ^ ^
The quantum y i e l d s  a re  g iven  by the f o l l o w i n g  equat ions .
KF
%  "  K_ + K '" + K (4)T  ' V  kf q  k i s c
% = (5)
12Th. F o r s t e r ,  F luoresze nz  O rg an isher  Verb indunqen, Vanderhoech 
and Ruprecht ,  G o e t t in g e n ,  (1951)-
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in which X = (Kp + Kp^ + K| sc^ *^S* + ^ he 0 ^served l i f e t i m e s
are  g iven  by
t f  -  <kf  + %  + k is c> '1 <6>
TP ■ (kp + V 1 < 7 >
Since phosphorescence must compete w i th  n o n - r a d i a t i v e  decay
processes t h a t  a r e  very  r a p id ,  i t  is  necessary  to  d i s t i n g u i s h  between
observed phosphorescence l i f e t i m e  and r a d i a t i v e  ( n a t u r a l )  l i f e t i m e
T = 1/K , th a t  would presumable be observed in  the absence o f  phos-  o p r  r
phorescence quenching processes. I t  has been shown r e c e n t ly  by
13Ermolaev and Sveshnikova t h a t  a l l  quenching in  complex o rgan ic  
molecules a t  low temperatures  occurs a t  the  t r i p l e t  l e v e l .
I f  the  tem pera ture  is assumed to  be s u f f i c i e n t l y  low so t h a t  
Kp(i = o,  the p rev ious  equat ions  can be combined to  show a s i m p l i f i e d  
r e l a t i o n s h i p  between the quantum y i e l d  r a t i o  and the in te rs ys tem
cross ing  ra te .
= (8)  
F
Under these c o n d i t io n s  one can d e f i n e  a quantum y i e l d  f o r  phospho­
rescence quenching 4 ^  t h a t  inc ludes a l l  quenching a t  low tem pera ture
13V. L. Ermolaev and E. B Sveshnikova,  Opt . S p e c t ry . 1 6 , ( 1 9 6 4 ) ,
p. 320 .
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so t h a t  %  *  %  + " 1 .  I t ,  t h e r e f o r e ,  f o l lo w s  t h a t
a  -  ' V q K1SC
'  ( kf  + Kis c ) ( l S> + V
I t  is obvious from e qu a t ion  (8)  t h a t  the V *  has a d i r e c t  
dependence on K | b u t  is com pl ica ted  by the dependence on the o ther  
v a r i a b l e s .  Kjsq * s not easY to  e v a lu a te  in terms of  the  e f f e c t s  of  
any one o f  the o th e r  v a r i a b l e s .
T r a n s i t i o n s  between pure s i n g l e t  and pure t r i p l e t  s ta te s  a re
considered to  be fo rb id d e n  and t h is  fo rb iddenness  is  j u s t i f i e d  by
the o r t h o g o n a l i t y  o f  the  d e s c r i p t i v e  spin  wave f u n c t io n s .  These
t r a n s i t i o n s  can become a l lowed through mix ing o f  the s i n g l e t  and
t r i p l e t  s t a t e s  by s p i n - o r b i t a l  cou p l ing .  S p i n - o r b i t a l  i n t e r a c t i o n
occurs when the e l e c t r o n s  come c lose  to  the  nucleus of  an atom w i th
a l a r g e  a tomic  number. When a heavy atom s u b s t i t u e n t  such as a
halogen is s u b s t i t u t e d  f o r  hydrogen in an a ro m a t ic  m o lecu le ,  the re
a re  observed an in c re a s e  in  the o s c i l l a t o r  s t r e n g th  of  the  s i n g l e t -
t r i p l e t  a b s o r p t io n  t r a n s i t i o n  and a corresponding decrease in  the
phosphorescence l i f e t i m e .  T h is  is known as the  i n t e r n a l  heavy atom
14 15e f f e c t .  There  has a l s o  been observed ’ an e x t e r n a l  heavy-atom  
e f f e c t  when the heavy atom is  not a t ta c h e d  to  the chromophore i t s e l f  
but is a p a r t  of  a surrounding so lven t  molecule .  The e x t e r n a l  heavy-
14
M. Kasha, jJ. Chem. Phys. , 20 ,  ( 1 9 5 2 ) ,  p. 71- 
15S. P. McGlynn, Chem. Rev. , j>8, (18 5 8 ) .  p. 1113.
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atom e f f e c t  is  norm a l ly  observed to  be less e f f e c t i v e  than the i n t e r n a l
heavy-atom e f f e c t .  The e x t e r n a l  e f f e c t  has been a t t r i b u t e d  to  the
fo rm a t io n  o f  a charge t r a n s f e r  complex between the  a ro m at ic  species
and the  so lv e n t  m olecu le  c o n ta in in g  the  heavy atom.
There has been l i t t l e  work repor ted  in  the  l i t e r a t u r e  concerning
the e f f e c t  o f  changing the  p o s i t i o n  of  the  heavy atom s u b s t i t u e n t .
Zanker  and K o e r b e r ^  and R o y ^  have repor ted  s e n s i t i v i t y  o f  s i n g l e t -
t r i p l e t  a b s o rp t io n  i n t e n s i t y  t o  l o c a t io n  o f  halogen s u b s t i t u e n t s .
18These exper iments  have been quest ioned  by Lower and E l -Sayed  who 
t h i n k  the r e s u l t s  may have been in f lu e n c e d  by i m p u r i t i e s .  I t  seems 
on ly  l o g i c a l  t h a t  d i f f e r e n c e s  in  s p i n - o r b i t a l  co u p l in g  should be 
observed f o r  d i f f e r e n t  p o s i t io n s  o f  heavy-atom s u b s t i t u e n t s .  Th is  
should be p a r t i c u l a r l y  t r u e  in  a molecule  l i k e  2 -p h en y ln ap h th a len e  
in  which e l e c t r o n i c  d e n s i t i t i e s  in  a MO may va ry  c o n s id e r a b ly  from  
one p a r t  o f  the m olecu le  t o  ano ther .
C. Li  t e r a t u r e  Survey
Much of  the e x p e r im e n ta l  and t h e o r e t i c a l  work c a r r i e d  out on 
systems o f  "m olecu les  w i t h i n  molecules"  l i k e  2 -p h e n y ln a p h th a le n e  and 
b ipheny l  invo lved  o b s e rv a t io n s  and c a l c u l a t i o n s  of  the  double bond 
c h a r a c t e r  o f  the  " s i n g l e "  bond between two con jugated  p a r t s  o f  the
^ V .  Zanker and W. Koerber ,  Z. Anqew. Phys. , J 4 ,  ( 1 9 6 2 ) ,  p. 43.  
Roy, In d ia n  J. Phys. , 3 5 . ( 1 9 6 1 ) ,  p. 143 ,628.
18S. K. Lower and M. A. E l -S a y e d ,  Chem. Rev. 6 6 ,  ( 1 9 6 6 ) ,  p. 223.
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molecule .  P a u l in g  and co-workers  p o in ted  out  some years ago t h a t
when two conjugated groups a r e  jo in e d  by a c e n t r a l  s i n g l e  bond, t h i s
bond takes  on some double bond c h a r a c t e r .  D i f f r a c t i o n  exper iments
i n d i c a t e  t h a t  such molecules have a p la n a r  s t r u c t u r e  when s t e r i c
c o n d i t io n s  perm i t  c o p l a n a r i t y  o f  the  p a r ts  and a c e n t r a l  bond t h a t
2 2is  s h o r t e r  than t h a t  of  a normal sp -  sp sigma bond. Th is  double
bond c h a r a c t e r  has been more f u l l y  t r e a t e d  by Coulson and Longuet-  
20Higg ins  who have shown, in c e r t a i n  s imple  cases ,  how the bond o rd er
o f  t h is  c e n t r a l  bond may be c a l c u l a t e d  by means of  the method of
m o le c u la r  o r b i t a l s .  Th is  work was extended to  many compounds,
21i n c lu d in g  a rom at ic  double  m o lecu les ,  by Coulson and Jacobs.
S evera l  conc lus ions  were drawn from t h i s  work. I t  was found th a t
in c r e a s in g  the s i z e  of  the  a ro m at ic  r ings  i n v a r i b l y  increased  the
bond o rder .  Th is  is ev idenced by the bond o rders  o f  p la n a r  b ip h e n y l ,
2 -p h e n y ln a p h th a le n e ,  2,  2 1- b i n a p h t h y 1, and 2,  2 1- b i a n t h r y l , which
were c a l c u l a t e d  to  be 0 . 3 7 0 , 0 . 3 7 2 ,  0 . 3 7 5 ,  and 0 . 3 8 0  r e s p e c t i v e l y .
22 23Simpson ’ has a p p l i e d  a s imple  resonance f o r c e  model to  systems 
of  polyenes to  q u a l i t a t i v e l y  account f o r  observed a l t e r a t i o n s  of  
bond le n g th s ,  p o s i t io n s  o f  s i n g l e t - s i n g l e t  a b s o r p t io n  bands and
19U. P a u l i n g ,  H. D. S p r i n g a l l  and K J. Pa lm er ,  X  Am. Chem. Soc. ,
61 ,  ( 1 9 3 9 ) ,  p. 927.
20 C. A. Coulson and H. C. L o n g u e t -H ig g in s , P roc. Roy. Soc. , A 195 .
(191+8), p. 188.
21 C. A. Coulson and J. Jacobs, J^  Chem. Soc. , ( 1 9 5 9 ) ,  p. 2805.
2 2 W. T- Simpson, ^J. Am. Chem. Soc. , ( 1 9 5 1 ) ,  p. 5363.
23W. T. Simpson, J. Am. Chem. Soc. , 2Z» ( 1 9 5 5 ) ,  p. 6164.
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resonance  e n e r g i e s .  In  t h i s  model th e  d o u b le  bonds a r e  c o n s id e r e d  to  
be w eak ly  i n t e r a c t i n g  subsystems o f  th e  t o t a l  m o le c u le .  The method 
employed in v o lv e s  w r i t i n g  p r o d u c ts  o f  wave f u n c t i o n s  f o r  th e  i n d i ­
v i d u a l  p a r t s  and t a k i n g  l i n e a r  c o m b in a t io n s  o f  th e s e  by a p p l i c a t i o n  
o f  p e r t u r b a t i o n  t h e o r y  t o  a r r i v e  a t  improved wave f u n c t i o n s  f o r  the  
combined system. These  wave f u n c t i o n s  in  a p e r t u r b a t i o n  c a l c u l a t i o n  
g i v e  d i r e c t l y  a s e t  o f  e l e c t r o n i c  e n erg y  l e v e l s  t h a t  a g r e e  w e l l  w i t h  
e x p e r im e n t .
2kThe t h e o r y  o f  e x c i t o n  i n t e r a c t i o n  as employed by Davydov a p p l i e s  
many o f  t h e  same id e as  used by Simpson. T h i s  t h e o r y  c o n s i d e r s  the  
s p e c t r o s c o p i c  p r o p e r t i e s  o f  a com pos i te  system o f  w e a k ly  i n t e r a c t i n g  
p a r t s  t o  be d e t e r m in e d  by th e  p r o p e r t i e s  o f  th e  i n d i v i d u a l  p a r t s  t h a t  
have been p e r t u r b e d  by each o t h e r .  In  t h i s  t h e o r y  t h e  e x c i t a t i o n  energy  
i s  t r a n s f e r r e d  back and f o r t h  between t h e  i n d i v i d u a l  subsystems and as 
a r e s u l t  t h e  d e g e n e r a t e  e nergy  s t a t e s  a r e  s p l i t .  One o f  th e  s h o r t ­
comings o f  e x c i t o n  t h e o r y  is  t h a t  o n l y  l i m i t e d  a l l o w a n c e  has been made 
f o r  th e  p o s s i b i l i t y  o f  e l e c t r o n  t r a n s f e r ,  w h ich  is  p r o b a b l y  v e r y
i m p o r t a n t  in  a system l i k e  2 - p h e n y l n a p h t h a l e n e  where  th e  two sub-
25systems a r e  d i f f e r e n t .  L o n g u e t - H i g g in s  and M u r r e l l  have d e ve lo p e d  
a t h e o r y ,  which  i s  a p p l i c a b l e  t o  d o u b le  m o le c u le s  in  w h ich  a l lo w a n c e  
i s  made f o r  e l e c t r o n  t r a n s f e r  p ro c es s es .
2kA. S. Davydov,  T h e o ry  o f  M o l e c u l a r  E x c i t o n s , M c G r a w - H i l l  Book 
Co. , (1962)  , p. 146-160.
25 H. C. L o n g u e t - H i g g in s  and J. N. M u r r e l l ,  P r o c . Phys. Soc. 
(London) , A 5 8 , (1955)  , p. 601.
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26Coffman and McClure have ana lyzed the v i b r a t i o n a l  s t r u c t u r e  of  
t o lu e n e ,  b i p h e n y l ,  d ipheny lm ethane ,  and d ib e n z y l  in  terms of  the  double  
molecule model. The p o l a r i z e d  l i g h t  a b s o rp t io n  sp e c tra  of  c r y s t a l s  o f  
a l l  these compounds at  2 0 ° K were determined.  In a l l  fo u r  molecules  
stud ied  the  sp e c t ra  a r e  produced by t r a n s i t i o n s  c l o s e l y  r e l a t e d  to  
those o f  benzene. In the  sp e c t ra  o f  t o lu e n e ,  d ib e n z y l  and d i p h e n y l ­
methane, the same types of  r in g  v i b r a t i o n s  were observed,  however,  
q u i t e  d i f f e r e n t  types o f  v i b r a t i o n s  a re  e x c i t e d  in  the b ipheny l  
t r a n s i t i o n .  Some o f  the b ipheny l  v i b r a t i o n s  were C~C s t r e t c h i n g  
v i b r a t i o n s  of  the r in gs  s i m i l a r  to those e x c i t e d  by e l e c t r o n i c  
t r a n s i t i o n s  in s t i l b e n e ,  an thracene  and o t h e r  con jugated a rom at ic  
molecules.  S ince i t  was p o s s ib le  to  o b t a i n  the magnitude o f  the
v i b r a t i o n a l  i n t e r a c t i o n  between the benzene r ings  of  these double
27
m o l e c u l e s ,  M c C lu re  a t t e m p t e d  to  c o r r e l a t e  th e s e  v a l u e s  w i t h  th ose  
c a l c u l a t e d  f rom  the  d o u b le  mcjlecu le  model.  Agreement was found to  
be v e r y  good f o r  d i b e n z y l  and d ip h e n y lm e th a n e  bu t  was r a t h e r  poor  
f o r  d i p h e n y l .  These o b s e r v a t i o n s  i n d i c a t e  t h a t  a d o u b le  m o le c u le  
approach  is  f a r  to o  s i m p l i f i e d  f o r  m o le c u le s  l i k e  b i p h e n y l  and 2 -  
p h e n y ln a p h t h a l e n e  in  which th e  subsystems a r e  s t r o n g l y  coup led .
There is  an i n d i c a t i o n  t h a t  a m o le c u la r  o r b i t a l  approach s i m i l a r  to 
those a p p l i e d  to  con jugated a rom at ic  molecules would be more suc­
c e s s fu l .
^ R .  Coffman and 0. S. M c C lu r e ,  Can. Chem. , J 6 ,  ( 1 9 5 8 ) ,  p. 48. 
^ D .  S. M c C lu r e ,  Can. jJ. Chem. , j j 6 ,  ( 1 9 5 8 ) .  p. 59-
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D. M o l e c u l a r  Q r b i t a l  C a l c u l a t i o n s
The s e m i e m p i r i c a l  s e l f c o n s i s t e n t  m o l e c u l a r  o r b i t a l  (SCFMO) t h e o r y
28 29as f o r m u l a t e d  by P a r i s e r  and P a r r  and P o p le  is  known t o  g i v e  
c a l c u l a t e d  t r a n s i t i o n s  e n e r g i e s  in  f a i r l y  good agreement w i t h  th ose  
o b t a i n e d  e x p e r i m e n t a l l y  f o r  b o th  a l t e r n a t e  and n o n - a l t e r n a t e  h y d r o ­
carbons .  F o r  t h i s  reason t h e  method was chosen to  c a r r y  o u t  th e  
c o m p u ta t io n s  on p l a n a r  2 - p h e n y l n a p h t h a l e n e .  T h i s  c o m p u ta t io n  scheme 
i s  based on th e  f f - e l e c t r o n  a p p r o x i m a t i o n  w i t h  t r a n s i t i o n  e n e r g i e s  
computed f ro m  f f - e l e c t r o n  wave f u n c t i o n s  o b t a i n e d  from c o n f i g u r a t i o n
i n t e r a c t i o n .  A summary o f  the  a p p r o x i m a t i o n s  in t r o d u c e d  by P a r i s e r
30and P a r r  and P o p le  i n t o  t h e  c lo s e d  s h e l l  H a r t r e e - F o c k  method in
o r d e r  t o  make i t  s u i t a b l e  t o  c a r r y  o u t  c a l c u l a t i o n s  on c o n ju g a t e d
systems is  g iv e n  below.
The m o l e c u l a r  o r b i t s  ( Y . )  a r e  ta k e n  as l i n e a r  c o m b in a t io n s  o f
th e  a t o m ic  o r b i t a l s  ($ ) .
P
-  Ns  V P (1 0 )
p
The p r e c i s e  fo rm  o f  is  not s p e c i f i e d .  The o n e - e l e c t r o n  H a r t r e e -  
Fock p rob lem  f o r  c lo s e d  s h e l l  TT -e lec t ro n  systems reduces to  a m a t r i x  
h a v in g  e le m e n ts  g i v e n  by t h e  f o l l o w i n g  e q u a t i o n s .
*) ft
R. P a r i s e r  and R. G. P a r r ,  _J. Chem. Phys. , 2_1, ( 1 9 5 8 ) ,  p. 466.
2^J. A. P o p le ,  Proc. Phys. Soc. (London) . A 6 8 , ( 1 9 5 5 ) ,  p. 81.
30 J. C. S l a t e r ,  Quantum Theory of  Molecules  and Sol i d s , 
M cG raw -H i l l  Co. , New Yo rk ,  (1963)  ■
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F * H C " & P  y  , p j * q  (11)pq pq * pq pq r  H v
F = H° + L  P y  -  i  P y  (12)
pp pp pq pq pp ' pp
P is an element  of  the bond o r d e r  m a t r i x  g iven  bypq v
Nocc
= 2 £  C. C. , (13)pq . ip  lq
in which the summation extends over  the  occupied m o le c u la r  o r b i t a l s
as des ignated  by N . The e ig e n v e c to r s  C. and the o r b i t a l  en e rg ies  3 ' occ 3 xp J
E. a re  determined by the s e c u la r  e qu a t ion
N
L  C. F = E.C.  (14)p ip  pq l lq
The e ig e n v e c to rs  used in  e qu a t ion  (13)  must a l s o  s a t i s f y  eq u a t io n  ( 1 4 ) ,  
t h e r e f o r e  i t  is necessary to  use some form of  computer i t e r a t i v e  p ro ­
cedure.  Such a process prov ides  v i r t u a l  as w e l l  as occupied MO 
c o e f f  i c ie n ts .
The f o l l o w i n g  is  a b r i e f  d e s c r i p t i o n  o f  the assignment o f  semi-  
e m p i r i c a l  va lues  to  the  core  terms H and a tomic  r e p u ls io n  i n t e g r a l s
pq
y  . The o f f - d i a g o n a l  e lements HC in  e q u a t io n  (11) have been t r e a t e d
'pq pq
as e m p i r i c a l  parameters  which have va lu es  o f  -  2 . 3 9  e. v. f o r  the  
core where p and q a re  a d ja c e n t  atoms c o n t r i b u t i n g  e l e c t r o n s  w i t h i n  
the  a ro m at ic  r in g s .  In  the  case o f  the 1 and 2'  carbon atoms where 
the two r ings  a re  j o i n e d ,  the  va lu e  of = “ 1 .90 .  Th is  va lu e
20
was chosen on the bas is  o f  expected o v e r la p  from known bond lengths f o r  
s i m i l a r  m olecu les .  A l l  n o n -ad jac en t  elements a re  neg lec ted .
The d iagona l  elements may be expanded as fo l lo w s
HDD( i )  = s  $D( 0 | T ( i )  + E l)"q+( i )  + E U  ( i )  + E u " p+( i ) | $  ( i ) d v  (15)
pp p q^P q s s p p p
Where U^q+ represen ts  the p o t e n t i a l  due to  the core  of  atom q w i t h  the  
n e l e c t r o n s  c o n t r i b u t i n g  to the f f - e le c t r o n  system removed. Us represents  
the  p o t e n t i a l  due to  an atom s which does not c o n t r i b u t e  n  e l e c t r o n s  to  
the system. T is the  k i n e t i c  energy o p e ra to r .  The G o ep p e r t -M a y e r -S k la r  
a p p ro x im at ion^ *  is  used f o r  the  e v a l u a t i o n  of  (T + UpP+) .
J' y i ) | T ( i )  + u£+(i) |y i)  dv = Ep = -l<n' 1)+ (16)
in  which l ^ n i s  the i o n i z a t i o n  p o t e n t i a l  of  atom p in  the appro*
p r i a t e  va lence  s t a t e ;  the  i o n i z a t i o n  p o t e n t i a l s  a re  taken from va lence  
s t a t e  t a b le s  of  these p o t e n t i a l s .
The core  terms in  th e  summation in  eq u a t io n  (15)  can be w r i t t e n  
in terms o f  a p o t e n t i a l  due to  the  n e u t r a l  atom and a c o r r e c t i o n
q
term a l lo w in g  f o r  the r e p u ls io n  of  the w e l e c t r o n s  c o n t r ib u t e d  by 
t h a t  atom. For atom q c o n t r i b u t i n g  n t r - e le c t r o n s  to  the system we 
can w r i t e  e qu a t ion  ( 17)*
p. 6^5.
*^M. Goeppert -Mayer and A. L. S k l a r ,  J .  Chem. Phys. , 6^ ( 1 9 3 8 ) ,
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The d iagona l  e lements then take  the form g iven  in  euq at ion  (1 8 ) .
Hc = i + -  £  (U°:pp+n y  ) -  2  U : pp (18)
PP P p * q  q q  Pq s
The terms Us :pp and U^:pp a re  p e n e t r a t i o n  i n t e g r a l s  f o r  n e u t r a l  atoms 
t h a t  conform to  the convent ion th a t
Us :pp = -  J Us ( i )  $ p ( i ) d v ( i )  ( 19)
The va lu e  o f  HC f o r  t h i s  computat ion was -  11 .16  e .v .
PP
The r e p u ls io n  i n t e g r a l s  y  a r e  d e f in e d  by e qu a t ion  (2 0 ) .
P 9
y  = f  § ( i )  « * { i )  (— ) « (2) « * ( 2 )  d v . d v ,  (20)
' pq J p P 12 9 9 1 2
These i n t e g r a l s  were c a l c u l a t e d  by means o f  an e m p i r ic a l  method
32proposed by P a r i s e r  and P a r r  and uses data  o b ta ined  from atomic  
spectra .  For the  o n e -c e n te r  i n t e g r a l s  the va lues  o f  y  become
32P a r i s e r  and P a r r ,  loc. c i t .
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y rt -  I -  A -  11 .0 8  e . v .  (21)
PP P P
in which I is  the i o n i z a t i o n  p o t e n t i a l  o f  atom p in  the  va lence  s t a t e
a p p r o p r ia t e  to  the  p a r t i c u l a r  molecule  under c o n s id e r a t io n  and Ap is
the e l e c t r o n  a f f i n i t y  f o r  the same va lence  s t a t e .
The method used f o r  c a l c u l a t i n g  the tw o -c e n te r  re p u ls io n  i n t e g r a l s
33is  t h a t  proposed by Mataga. In  t h i s  method the  o n e -c e n te r  i n t e g r a l s  
a r e  e v a lu a te d  by the method discussed p r e v i o u s ly  and a re  used to  
c a l c u l a t e  the  tw o -c e n te r  i n t e g r a l s  by the  f o l l o w i n g  equat ions .
y ( r ) ____ 14- 397 2 *





(y + y  ) 'pp 'qq
(23)
The f i n a l  va lues  o f  the  r e p u ls io n  i n t e g r a l s  prov ided  by the SCF
c a l c u l a t i o n s  were used in  the  c o n f i g u r a t i o n  i n t e r a c t i o n  c a l c u l a t i o n s
descr ibed  below.
The e x c i t e d  s t a t e s  o f  the m olecule  ( Y j )  can be expressed as
l i n e a r  combinat ions o f  i n d i v i d u a l  c o n f i g u r a t io n s  Y. in  which an
e l e c t r o n  has been e x c i t e d  from MO Y. i n t o  MO Y, .l k
N. Mataga and K. N ish im o to ,  Z. Physi k. Chem. ( F r a n k f u r t . A . M . ) ,  
1 2 ,  ( 1 9 5 7 ) ,  p. 1U0.
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¥, -  E a J1^  ¥k (24)
( i k)The mix ing c o e f f i c i e n t s  Aj and the e x c i t a t i o n  en erg ies  a re  ob ta ined  
by d i a g o n a l i z i n g  a c o n f i g u r a t i o n  i n t e r a c t i o n  m a t r i x  w i th  elements g iven  
by
{ 1 Y^|H 11 y f )  « (E k -  E . )  + 2 < ik | jX >  -  < i j  | k i>  (25)
in  which E. is  the o r b i t a l  energy of  SCFMO ( i k | j £ )  and <i j  j kX>
a r e  m o lecu la r  r e p u ls io n  i n t e g r a l s  d e f in e d  by
( i k l j A >  = £  £  E. C. C. C ,  y  (26)
IJ ip kp jq  & rp q
In  t h i s  c a l c u l a t i o n  25 c o n f i g u r a t io n s  i n v o l v in g  e x c i t a t i o n s  from the  
h ig h es t  occupied MO' s to the lowest  unoccupied MO1s were used.
The o s c i l l a t o r  s t ren g th s  f j  o f  the  I  ^ e x c i t e d  s t a t e s  o f  energy
34Ej a r e  c a l c u l a t e d  w i th  the a id  o f  the f o l l o w i n g  equat ion .
f ,  = 8. 753 x 10"2 Ej (27)
in  which Qq_ j is the  t r a n s i t i o n  moment g iven  by
0(Hl"J’V rV v- (28>
34 R. P a r i s e r ,  J^. Chem. Phys. , 2 4 , ( 1 9 5 6 ) ,  P- 250.
CHAPTER I I 
METHODS AND MATERIALS
A. So lvents
1. Hydrocarbons: P h i l l i p s  pure grade 3 _m ethylpentane (3~MP) and 
isopentane ( IP )  were washed by s t i r r i n g  them co n t in u o u s ly  f o r  a p p r o x i ­
m ate ly  12 hours w i t h  fuming s u l f u r i c  a c id .  They were r in sed  tw ic e  w i th  
w a te r ,  tw ice  w i t h  s a tu r a te d  sodium carbonate  s o l u t io n  and then tw ice  
w i t h  w ater  aga in .  The so lv e n ts  were d r i e d  over anhydrous magnesium 
s u l f a t e  f o r  2k hours and then were d i s t i l l e d  a t  the r a t e  of  10-20  
drops per  minute. The s t i l l  con s is ted  o f  an e l e c t r i c a l l y  heated  
t w o - l i t e r  s i n g l e  necked f l a s k  w i th  a 30 inch d i s t i l l a t i o n  column 
f i l l e d  w i t h  g lass  beads. So lvents  were considered to  be s u f f i c i e n t l y  
pure when th e re  was no a p p r e c ia b le  a b s o rp t io n  a t  e n e rg ie s  less than  
4 7 ,6 0 0  cm.  ^ and t h e r e  was no a p p r e c ia b le  emission. In  the i s o l a t e d  
cases in  which benzene was used as a s o l v e n t ,  F i s h e r  c e r t i f i e d  reagent  
grade benzene was used w i th o u t  f u r t h e r  p u r i f i c a t i o n .
2. E thy l  A lc o h o l :  95% a lc o h o l  from U.S. I n d u s t r i a l  Chemical
Co. was used w i th o u t  p u r i f i c a t i o n .
3. Methy l  A lc o h o l :  F i s h e r  C e r t i f i e d  Reagent grade was used 
w ith o u t  f u r t h e r  p u r i f i c a t i o n .
2k
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4. Mixed A l c h o l i c  S o lvent:  Hartmann-Leddon Co. prepared f l u o r o -  
m e t r i c  grade m ix tu r e  of  m e th y l ,  iso p ro p y l  and e t h y l  a lc o h o ls .
B. Compounds
1. 2 -phen y ln aph tha lene :  K&K L a b o r a t o r i e s ,  Inc . commercial  grade
p u r i f i e d  by many techniques s t i l l  con ta ined  an thracene  as an im p u r i ty .
Pure s y n t h e t i c  2 -p h en y ln ap h th a len e  was prepared by the f o l l o w in g
method. The d i - 2 - n a p h t h o y 1 p e ro x id e  f o r  the  syn the s is  was prepared
35by the procedure descr ibed  by Kharasch and Dannley.  Ap prox im ate ly  
35 g- of  2 -naph tho y l  c h l o r i d e  d is s o lv e d  in 50 ml of  anhydrous acetone  
was s low ly  added to  an a g i t a t e d  suspension of  7 -4  g. of  sodium 
p e r i o x i d e  in  100 ml of  anhydrous acetone a t  0°C. A f t e r  the  a d d i t i o n  
was complete ,  one m i l l i l e t e r  o f  w ate r  was added and s t i r r i n g  was 
cont inued a t  0°C o v e rn ig h t .  The d i - 2 - n a p h t h o y 1 p e ro x id e  separated  
when the s o l u t i o n  was poured i n t o  200 ml of  ic e  water .  The p e ro x id e  
was f i l t e r e d ,  washed w i t h  d ioxane and pe t ro leum  e t h e r  and d r ie d  under  
vacuum. The p e ro x id e  was reac ted  w i t h  benzene as descr ibed  by Hey 
and W a l k e r . ^  A p p ro x im a te ly  20 g. o f  the d i -2 -n a p h t h o y  1 perox ide  
was d is s o lv e d  in 500 ml of  benzene and the r e s u l t i n g  s o l u t i o n  was 
r e f lu x e d  f o r  36 hours. The excess benzene was d i s t i l l e d  o f f  and the  
product  was b o i le d  w i t h  10% -aqueous-a lcoho l ic  sodium hydrox ide  f o r  
3 hours. The a lc o h o l  was d i s t i l l e d  o f f  and the  w ater  was decanted.
^ K h a r a s c h  and Dannley ,  J^ . 0 rq. Chem. , J_0, ( 1 9 4 5 ) .  p. 410.
^ D .  h. Hey and W. E. W a lk e r ,  _J. Chem. Soc. , (1948 ) .  p. 221} .
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The s o l i d  product  was d r ie d  under vacuum. S u b l im a t io n  a t  atomospheric  
pressure  produced l a r g e  p l a t e s  of  2 -p h en y ln ap h th a len e  m e l t in g  a t  104“ C. 
The l i t e r a t u r e  m. p. is 103_4°C.
2. 2 1- m e t h y l - 2 - p h e n y lnaph tha lene :  Th is  compound was synthes ized
37by James H a r r i s  and was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
3. l - f l u o r o - 2 - p h e n y lnaph tha lene :  Th is  compound was prepared  
from 2 -p h en y ln ap h th a len e  by a f o u r  step r e a c t io n  sequence. The
5 Q
p ro c e d u re  o u t l i n e d  by Hey and Lawton was used f o r  p r e p a r a t i o n  o f
1 -am in o -2 -p h en y ln ap h th a len e .  The method con s is ted  of  n i t r a t i o n  of
2 -p h en y ln ap h th a len e  w i th  HNO^ in g l a c i a l  a c e t i c  ac id  and subsequent  
re d u c t io n  t o  the amine. A p prox im a te ly  8 g. of  the l -a m in o -2 -p h e n y 1 -  
naphtha lene  was d i a z o t i z e d  by 3 9- of  NaNO^ in  50 ml of  49% HF s o l u t io n  
a t  0 -5 °C .  To the  d i a z o t i z e d  m ix tu re  was added 20 g. of  NaBF^ in
50 ml of  w ater  a t  0 -5 °C .  The y e l lo w  p r e c i p i t a t e  of  the diazonium
f l u o r o b o r a t e  t h a t  formed was separa ted  by f i l t r a t i o n ,  washed w i t h  
methyl  a lc o h o l  and e t h e r ,  and d r i e d  under vacuum. The product  was 
decomposed by h e a t in g  and the 1- f l u o r o - 2 - p h e n y ln a p h th a le n e  was steam 
d i s t i l l e d  from the  decomposit ion products .  Four c r y s t a l l i z a t i o n s  
from e t h y l  a lc o h o l  gave w h i te  needles m e l t in g  a t  60°C. Carbon-hydrogen  
a n a ly s is  conf i rmed the  e m p i r i c a l  form ula  of  the  compound.
4. l - c h lo r o - 2 - p h e n y ln a p h t h a l e n e  and 6 -b rom o-2 -p heny lnap h tha len e :  
These compounds were s y n t h e t i c  samples prepared by D. H. Hey and co-
37 James L H a r r i s ,  l o c . c i  t .
^ D .  H. Hey and S. E. Lawton, J^. Chem. Soc. , ( 1 9 4 0 ) ,  p. 378.
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workers who k in d ly  donated them f o r  t h i s  research.  The repor ted  
m e l t in g  p o in ts  were 82°C f o r  the 1 - c h lo r o  d e r i v a t i v e  and 132*C f o r  
the 6-bromo d e r i v a t i v e .
5. l -b ro m o -2 -p h e n y lnaphtha lene :  Th is  compound was prepared by
39the method o u t l i n e d  by Hey and Lawton. To a s o l u t io n  o f  6 g. o f  
bromine in 36 m i l l i l e t e r s  o f  g l a c i a l  a c e t i c  a c id  was added 6 g. of  
powdered 2 -phen y ln aph tha lene .  The s o l u t io n  was a g i t a t e d  a t  room 
tem pera ture  f o r  10 hours and a t  5 0 °C f o r  1 hour.  The r e s u l t i n g  
m ix tu r e  was poured in to  ic e  w a te r  where a v iscous s e m i -s o l id  formed.  
This m a t e r i a l  was d r i e d ,  vacuum sublimed and f i n a l l y  c r y s t a l l i z e d  
s e v e ra l  t imes from methanol .  The f i n a l  product  melted a t  66®C as 
repor ted  by Hey and Lawton.
6. 2 ' - f l u r o -  2-ph eny lnaph tha lene :  A p prox im ate ly  20 g. of  d i - 2 -
naphthoyl p e rox ide  was prepared in  the same manner as th a t  descr ibed  
f o r  the 2 -ph en y ln ap h th a len e  syn thes is .  The p e ro x id e  was added s low ly  
over  a p e r io d  o f  2 hours to  300 mis of  r e f l u x i n g  f 1uorobenzene. The 
m ix tu re  was a l low ed  to  r e f l u x  f o r  3 days c o n t in u o u s ly ,  a f t e r  which 
the f luo ro benzene  was removed by d i s t i l l a t i o n .  The remaining s o l i d  
res idue  was washed s e v e ra l  t imes w i t h  hot sodium carbonate  s o l u t io n  
and was d r i e d  under vacuum. The product  was separated from 2 -n a p h th o ic  
ac id  im p u r i ty  by s u b l im a t io n  and e l u t i o n  from an alumina column w i th  
CCl^. Severa l  slow c r y s t a l l i z a t i o n s  from e t h y l  a lc o h o l  gave a product
39D. H. Hey and S. E. Lawton, l o c . c i  t .
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w i t h  a m e l t in g  p o in t  of  7^"75°C. Carbon-hydrogen a n a ly s is  confirmed  
the e m p i r i c a l  formula  of  the  product .
7. 2 ' - c h l o r o -  and 4 ' - c h lo r o - 2 - p h e n y ln a p h t h a l e n e :  These compounds
were prepared by the same r e a c t i o n  sequence used f o r  the p r e p a r a t io n
of  the 2 ' - f l u o r o - d e r i v a t i v e  except  t h a t  the pe rox ide  was reacted w i th  
chlorobenzene ins tead  of  f luo robenzene .  A f t e r  the r e a c t i o n  product  
was washed w i th  hot sodium carbonate  and d r i e d ,  a s e m i -s o l id  product  
was separated by vacuum d i s t i l l a t i o n  i n t o  two f r a c t i o n s .  The h igher  
b o i l i n g  f r a c t i o n  y i e l d e d  4 ' - c h lo ro -2 -p h en y1  naphthalene m e l t in g  a t  
137“ 138°C a f t e r  f o u r  c r y s t a l l i z a t i o n s  from e t h y l  a lc o h o l .  The l i t e r ­
a t u r e  m e l t in g  p o in t  f o r  t h i s  compound was 136°C. The lower b o i l i n g  
f r a c t i o n  was e lu t e d  from an elumina column w i th  petro leum e t h e r .  The 
r e s u l t i n g  product  a f t e r  s e v e ra l  c r y s t a l l i z a t i o n s  from a lc o h o l  was 
2 1- c h l o r o - 2 - p h e n y ln a p h th a le n e  m e l t in g  a t  71- 2°C. Carbon-hydrogen  
a n a ly s is  conf irmed e m p i r i c a l  formulas of  the isomers.
8. 2 ' -b ro m o -  and 4 1-bromo-2-pheny1 naphthalene:  These compounds 
were prepared by the same r e a c t io n  sequence t h a t  was used f o r  the  
p r e p a r a t i o n  of the 2 ' - c h l o r o  d e r i v a t i v e  except  th a t  the  p e ro x id e  was 
reacted w i th  bromobenzene in s tead  of  chlorobenzene.  A f t e r  the r e a c t io n  
product  was washed w i th  sodium carbonate  s o l u t io n  and d r i e d ,  i t  was 
separated from t a r r y  i m p u r i t i e s  by vacuum d i s t i l l a t i o n .  The product  
c r y s t a l l i z e d  a f t e r  s e v e ra l  days and was r e c r y s t a l l i z e d  from petro leum  
e th e r .  F r a c t i o n a l  c r y s t a l l i z a t i o n  of  the  res id u e  from a lc o h o l  y ie ld e d  
p l a t e s  of  4 1-b rom o-2 -pheny ln ap h th a len e  m e l t in g  a t  135_ 136°C. The 
m a t e r i a l  remaining in  petro leum  e t h e r  s o l u t io n  was con cen tra ted  and
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c r y s t a l l i z e d .  A f t e r  s e v e ra l  c r y s t a l l i z a t i o n s  from a lc o h o l  the 2 ' -  
bromo-2-phenyln a p h th a le n e  was i s o l a t e d  w i th  a m e l t in g  p o in t  of 8 l - 2 ° C .  
Carbon hydrogen a n a ly s is  conf irmed the e m p i r i c a l  formulas  of  the  
i somers.
9. 1 , 2 -b e n z f lu o r e n e :  K&K L a b o r a t o r i e s ,  inc. commercial  grade
t h a t  had been p r e v i o u s ly  vacuum sublimed tw ice  was sub jec ted  to a 
s i n g l e  a tmospheric  p ress u re  s u b l im a t io n .  T h is  was s u f f i c i e n t  to  
remove extraneous emissions from the  compound.
10. F lu o ran th en e :  T h is  s y n t h e t i c  compound was sup p l ied  by Dr.
M i l t o n  O rch in  of  the U n i v e r s i t y  o f  C i n c i n n a t i .
C. Spec t ro scop ic  Measurements
1. U l t r a v i o l e t  A b s o r p t io n  Measurements: The a b s o r p t io n  spec tra
of  the compounds s tu d ied  were measured by the means of  Cary Model l t^ 
Recording Spectrophotom eter .  The wavelength  measurements were good to  
± 3 A. when read from the wavelength  i n d i c a t o r .  The r e s o l v i n g  power 
of the monochromator is  repor ted  by the m anufac tu re r  to  be 1 A. throughout  
the range 1 9 0 0 -1 3 ,0 0 0  A.
The so lv e n ts  used f o r  t h is  work were s p e c t r o s c o p i c a l l y  pure as 
descr ibed  p r e v i o u s ly .  The tem pera tu re  was not c o n t r o l l e d ,  however,  
room tem pera tu re  was about  2 5 ° C as c o n t r o l l e d  by the  room the rm osta t .  
A b s o rp t io n  sp e c t ra  o f  a l l  the  compounds in  r i g i d  g lassy  s o l u t i o n  a t  
7 7 °K were ob ta in ed .  These s p e c t ra  were measured by the method descr ibed
40by W i l l iam son .  The so lv e n t  used f o r  the low tem pera ture  measurements 
40 L. H. W i l l i a m s o n ,  Ph.D. D i s s e r t a t i o n ,  Lou is ian a  S t a t e  U n i v e r s t i y ,  
Baton Rouge, ( 1 9 6 5 ) ,  p. 22.
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was a 1:6  m ix tu re  o f  3~(Tiethy lpentane:  i sopentane (3 -M P IP ) .  T h is  m ix tu re  
forms a very  t r a n s p a r e n t  r i g i d  g lass  w i th o u t  s h a t t e r i n g  the d e l i c a t e  
1 cm. square q u a r t z  a b s o rp t io n  c e l l s  used f o r  the measurements. The 
techn ique  used was to  suspend the  sample c e l l  i n s id e  the l i q u i d  n i t r o g e n  
dewar by use of  a long glass  rod te rm in a ted  by a ground g lass  s topper  
of a p p r o p r ia t e  s i z e  to  f i t  the sample c e l l .  A smal l  p iece  o f  tygon  
tub ing  served to  p reven t  the sample c e l l  from s e p a r a t in g  from the  
glass  s topper .  No dewar was p laced in  the r e fe r e n c e  compartment.
O n ly  a sample c e l l  f i l l e d  w i t h  s o l v e n t  a t  room t e m p e r a t u r e  was used 
as a r e f e r e n c e .
2. Emission Measurements Using the Cary Model 11+ Recording  
Spectrophotometer:  The Cary Model I k  Recording Spectrophotometer
was used as a d e t e c t o r  f o r  record ing  a l l  emission sp e c tra  repor ted  
in t h i s  research.  The e m i t te d  r a d i a t i o n  from the sample e n te r s  the  
Cary spectrophotom eter  through the v i s i b l e  l i g h t  source lens on the  
back of  the ins t rum ent .  The sample h o ld e r  t h a t  is a t ta c h e d  in p lace  
of the v i s i b l e  l i g h t  source is  diagrammed in  F ig u re  2. The sample 
h o ld er  adap to r  is  designed in  such a manner that  the e m i t t i n g  sample 
is  lo ca ted  a t  the f o c a l  p o i n t  o f  the v i s i b l e  o p t i c a l  system. The 
samples were e x c i t e d  by use of  the s p e c i a l l y  designed Cary 15 mono­
chromator coupled to  a 250 w a t t  xenon a rc  l i g h t  source. The 
e x c i t i n g  monochromator was c a r e f u l l y  p o s i t io n e d  to  g iv e  f r o n t  
su r fa c e  i l l u m i n a t i o n  of  a l l  samples when the sample tube was 
c en tered  in  the dewar.
SIDE VIEW
A -  Mounting Bracket  
B -  Front  Surface M i r ro r
C -  Samp Ie Tube
TOP VIEW
G
D -  Dewar
E -  Cary 14 V i s i b l e  L ight  Source Lens
F -  E x c i t a t i o n  Radia t io n  From Cary 15 
Monochromator
G -  Emit ted R a dia t ion  From Sample
FIGURE 2.  Cary 14 Tota l  Emission Apparatus
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For most samples the  f lu o re s c e n c e  s p e c t r a  were recorded a t  77°K. 
A l l  samples had phosphorescences o f  s u f f i c i e n t  i n t e n s i t y  to  be measured 
by e x c i t a t i o n  from the  Cary 15 monochromator.  When i t  was necessary  
to  i s o l a t e  the phosphorescence em iss ion ,  a r o t a t i n g  d is c  Becquerel  
type phosphoroscope was used in  c o n ju n c t io n  w i t h  e x c i t a t i o n  by the  
f u l l  i n t e n s i t y  o f  a General  E l e c t r i c  AH-6 mercury a rc .  The emissions  
were a l l  measured in r i g i d  g lassy  3~methylpentane except  in a few  
i s o l a t e d  cases in which mixed a l c o h o l i c  g lass  o r  s o l i d  benzene were 
used f o r  s p e c i f i c  purposes.
3. F luorescence  and Phosphorescence Quantum Y i e l d  Measurements;
Quantum y i e l d  measurements were made on a l l  the compounds s tud ied  in
t h i s  research.  These were a l l  made w i th  the a id  of  the t o t a l  emission
apparatus  descr ibed  in F ig u r e  2. In  a d d i t i o n  a smal l  p l a s t i c  sp ider
w i th  arms ex tend ing  from the te s tu b e  to  the w a l l s  of the  dewar was
a t ta c h e d  to  the  sample tube to  keep i t  p e r f e c t l y  cen te red  in  the dewar
f o r  each measurement. These measurements invo lved  comparison o f  the
areas under the emission curves under c o n d i t io n s  of  equal  a b s o rp t io n
of  e x c i t a t i o n  energy. A l l  the  compounds s tud ied  could be e f f i c i e n t l y
e x c i t e d  in the 'L *- ‘A a b s o r p t io n  band a t  2800 A. S ince th e re  wasa
some v a r i a t i o n  in  the  e x t i n c t i o n  c o e f f i c i e n t s  of  the compounds at  
2800 A. , the  c o n c e n t r a t io n s  were a d ju s te d  to  g iv e  equal absorp t ions  
a t  2800 A. Each t ime a s e r ie s  of  compounds was measured a standard  
(Naphtha lene)  was a ls o  inc luded to  c o r r e c t  f o r  p o s s ib le  changes in  
i n t e n s i t y  of  th e  l i g h t  source. The same sample tube was used f o r  
a l l  measurements and i t  was o r i e n t e d  in the  same d i r e c t i o n  each t ime.
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A l l  samples were a l lowed to cool 15 minutes a t  l i q u i d  ^  tem perature  
a f t e r  the s o l u t i o n  was degassed tw ice .  A f t e r  the  emissions were 
recorded f o r  the  standard  and unknowns under these c a r e f u l l y  c o n t r o l l e d  
c o n d i t io n s ,  the areas under the curves were determined by weighing.  
These areas were c o r r e c te d  to  the same s l i t  w id th  as t h a t  used f o r  
naphtha lene by assuming the i n t e n s i t y  to  be p r o p o r t i o n a l  to  the  square 
of the d e t e c t o r  s l i t  w id th .  T h is  assumption has been found to  be good 
f o r  s l i t  w id ths of  2 mm or less .  When i t  was necessary to  use w ider  
s l i t s ,  the r e s u l t s  a r e  repor ted  as o n ly  approx im at ions .  The quantum 
y i e l d s  were determined by comparing the c o r re c te d  areas w i t h  the  
corresponding area  o f  the standard  and assuming the  quantum y i e l d  
o f  emission to  be p r o p o r t i o n a l  to  the c o r r e c te d  areas.
Many d i f f e r e n t  quantum y i e l d s  a r e  r e p o r t e d  f o r  n a p h t h a l e n e  in
41 42 43the l i t e r a t u r e .  ’ ’ There  is  a l a c k  of  agreement between the
va lues  repor ted .  Because o f  t h i s  the quantum y i e l d s  of  1 , 2 - b e n z -  
f l u o r e n e  c a l c u l a t e d  in the f o l l o w i n g  manner were used as standards.  
Since 1 , 2 -b e n z f lu o r e n e  has a ve ry  h igh f lu o re s c e n c e  y i e l d  and s ince  
n e a r ly  a l l  quenching a t  77°K occurs from the t r i p l e t  s t a t e ,  i t  was 
assumed t h a t  %  + %  = 1 f o r  1 , 2 - b e n z f lu o r e n e .  The a rea  under the 
phosphorescence emission curve o f  1 , 2 - b e n z f lu o r e n e  was c o r re c te d  to  
the  same s l i t  w id th  as t h a t  o f  the  f lu o re s c e n c e  and a c o r r e c t i o n  f o r  
phototube response from the RCA phototube manual was a p p l ie d .  Using
41 G i lm ore ,  Gibson and McClure ,  J^. Chem. Phys. , 20,  ( 1 9 5 2 ) ,  p. 829.
42 V. L. Ermolaev and K. K. S v i t a s h e v ,  O p t . S p e c t ry . , ( 1 9 5 9 ) ,
P- 399.
43 P a rk e r  and H a tc h a rd ,  A n a l y s t , 8 7 , ( 1 9 6 2 ) ,  p. 664.
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these c o r r e c t io n s  and the a p p r o p r ia t e  a r e a s ,  i t  was found t h a t  
= .0 0 4 4 8  f o r  1 , 2 -b e n z f  luorene.  S o lv in g  the  two equat ions  
f o r  ^  and 3j- gave va lu es  of  0 .0 0 4 5  and 0 . 9 9 5  r e s p e c t i v e l y .  Using  
these y i e l d s  as s tandards gave va lues  f o r  naphtha lene o f  ^  -  0 .0 1 0 5  
and -  0 .4 4 9 .  The v a lu e  of  f o r  naphtha lene c a l c u l a t e d  by
t h i s  method agrees w i t h i n  10% of  the  recent  v a lu e  repor ted  by P arker  
and Hatchard.  A l l  va lues  f o r  quantum y i e l d s  repor ted  in t h i s  work 
a re  based on the y i e l d s  c a l c u l a t e d  f o r  1 , 2 - b e n z f lu o r e n e .  From the  
l i m i t e d  d a ta  a v a i l a b l e  the r e p r o d u c i b i l i t y  is e s t im a te d  to  be w i t h i n  
10% except  f o r  the  va lues  repor ted  as approx im at ions .
4. Phosphorescence L i f e t i m e  Measurements: The phosphorescence
l i f e t i m e s  were determined by the f o l l o w i n g  procedure f o r  a l l  the  
compounds s tud ied .  The s h o r t e s t  l i f e t i m e  measured was 48 m i l l i ­
seconds, t h e r e f o r e ,  a l l  could be measured by use of  a mechanical  
r o t a t i n g  d is c  Berquere l  type phosphoroscope. A l l  samples were 
d is s o lv e d  in 3 _m e th y lp e n ta n e , degassed f i v e  t imes and a l lo w ed  to  
f r e e z e  15 minutes a t  77°K to  in su re  maximum r i g i d i t y  of  the g lass .
The phosphorescences were e x c i t e d  by the f u l l  i n t e n s i t y  of  an AH-6 
mercury a r c  equipped w i th  a g u i l l o t i n e  type s h u t t e r .  The emission  
was d e te c te d  by a 1P28 p h o t o m u l t i p l i e r  tube connected to  an Aminco 
a m p l i f i e r  u n i t .  The decay t ime o f  the  a m p l i f i e r  c i r c u i t  in  the  range 
used was found to  be very  short  compared to  the phosphorescence l i f e ­
t imes and should in t ro d u c e  no e r r o r  in the  measurements. The a m p l i f i e r
P a r k e r  and H a t c h a r d ,  l o c . c i  t .
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output  was d is p la y e d  on a T e c h t r o n ix  Type 536 o s c i l lo s c o p e  equipped 
w ith  a C-12 p o l a r o i d - b a c k  camera. The scan r a te s  on the scope were 
c a l i b r a t e d  a t  low ra tes  w i th  a stopwatch and a t  f a s t  ra tes  by use 
o f  a 60 cps AC s ig n a l .
The decay o f  the phosphorescence emission f o r  each sample was 
photographed from the o s c i l lo s c o p e  tube a f t e r  the  s h u t t e r  on the  
AH_6 e x c i t a t i o n  lamp was c losed.  The l i f e t i m e s  were determined  
from the photographs by c a r e f u l l y  measuring the  t ime requ ired  f o r  
the phosphorescence i n t e n s i t y  to  decrease to  1 /e  of  i t s  o r i g i n a l  
value .
CHAPTER I I I 
EXPERIMENTAL RESULTS AND DISCUSSION
A. Spur ious Emiss ions f  rom 2 - P h e n y ln a p h th a le n e , 1 , 2-B e n z f lu o re n e  
and F 1uoranthene
Two f lu o re s c e n c e  emissions and two phosphorescence emissions
have been repor ted  f o r  2 -p h en y ln ap h th a len e  and 1 , 2 -b e n z f lu o r e n e  by
45 46 47H a r r i s  and f o r  f lu o r a n th e n e  by Ory and Wharton. Since m u l t i p l e
f lu o re s c e n c e  or  phosphorescence emissions a r e  not norm al ly  observed
f o r  a rom at ic  hydrocarbons,  the phenomena, i f  r e a l ,  deserve c o n s id e ra b le
exp er im en ta l  and t h e o r e t i c a l  c o n s id e r a t io n .  The o r i g i n a l  o b j e c t i v e
of  t h i s  e x p e r im e n ta l  work was to  co n f i rm  and b e t t e r  c h a r a c t e r i z e  the
dual  emission phenomenon.
The e l e c t r o n i c  a b s o rp t io n  spectrum of  2 -p h e n y ln a p h th a le n e  reported
48by H a r r i s  d i f f e r s  from the spectrum p r e v io u s ly  repor ted  by F r i e d e l .  
H a r r i s  observed a new t r a n s i t i o n  having v i b r a t i o n a l  bands a t  3770,
3540 and 3400 A. The second f lu o re s c e n c e  emission repor ted  f o r  2 -  
pheny1 naphtha lene shows a c lose  m i r r o r  image r e l a t i o n s h i p  to  t h is
45 James H a r r i s ,  l o c . c i t .
46 Horace O ry ,  l o c . c i t .
47 James H. Wharton,  lo c . c i t .
48
R. A. F r i e d e l ,  e t .  a l .  , .J. Am. Chem. Soc. , (19^4-8) , P- 199-
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a b s o rp t io n  and was assigned by H a r r i s  as a r a d i a t i v e  t r a n s i t i o n  from  
the e x c i t e d  s t a t e  a t  3770 A. to  the ground s t a t e  of  2 -phen y ln aph tha lene .  
H a r r i s  was unable to remove or  a l t e r  the  i n t e n s i t y  of the new ab s o rp t io n  
o r  second emission by p u r i f i c a t i o n ,  and thus a t t r i b u t e d  th e  a b s o rp t io n  
and emission to  2 -phen y ln aph tha lene .
As a p r e l i m i n a r y  exper iment  H a r r i s '  a b s o rp t io n  measurements on 
2-phe ny ln ap h th a len e  were repeated.  P u r i f i c a t i o n  o f  2 -phen y ln aph tha lene  
was a t tempted  by the z o n e -m e l t in g  technique .  Dur ing the  z o n e -m e l t in g  
process,  a zone appeared in the lower h a l f  of  the  tube t h a t  had a more 
c r y s t a l l i n e  appearance than the sample on e i t h e r  end of  the  sample 
tube. E q u a l ly  con cen tra ted  s o lu t io n s  in  methyl  a lc o h o l  were prepared  
w ith  sample c o l l e c t e d  from the c r y s t a l l i n e  zone and sample c o l l e c t e d  
from the  top o f  the tube. The a b s o rp t io n  sp e c t ra  were measured f o r  
both samples under i d e n t i c a l  c o n d i t io n s .  The two samples d id  not 
give  the same a b s o rp t io n  spectrum. The i n t e n s i t y  o f  the new long 
wavelength t r a n s i t i o n  d i f f e r e d  s i g n i f i c a n t l y  between the  two samples;  
the i n t e n s i t y  was g r e a t e r  in the sample c o l l e c t e d  from the top of  the  
z o n e -m e l t in g  tube. S u b s t a n t i a l l y  less v a r i a t i o n  was observed in  the  
i n t e n s i t i e s  of the remaining a b s o rp t io n  bands; the  remaining bands 
were less  in te n se  in  the top sample. These a b s o rp t io n  measurements 
in d ic a t e d  s t r o n g ly  t h a t  the long wavelength a b s o rp t io n  is  due to  an 
im p u r i ty .  F u r t h e r  a t tem p ts  to  com plete ly  remove the long wavelength  
a b s o rp t io n  by z o n e -m e l t in g  and f r a c t i o n a l  c r y s t a l l i z a t i o n  o f  the  
c o l l e c t e d  c r y s t a l l i n e  sample were not success fu l .
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As a sep ara te  approach to  the  problem s y n t h e t i c  2 -phen y ln aph tha lene  
was prepared as o u t l i n e d  in  the m a t e r i a l s  and methods chap te r .  The 
a b s o rp t io n  spectrum of  the  s y n t h e t i c  sample showed no a b s o rp t io n  in  the  
long wavelength  reg ion  even when c o n c e n t r a t io n s  f a r  g r e a t e r  than those  
of  H a r r i s '  exper im ents  were used. The remainder  of  the  a b s o rp t io n  
spectrum o f  the s y n t h e t i c  sample was not d i f f e r e n t  from th a t  o f  the  
impure samples. In  a d d i t i o n  the t o t a l  emission spectrum f o r  the  
s y n t h e t i c  2 -p h en y ln a p h th a le n e  showed on ly  a s i n g l e  f lu o re s c e n c e  and 
a s i n g l e  phosphorescence. These emissions a re  discussed f u l l y  in 
s e c t io n  B o f  t h i s  chapter .
These  e x p e r i m e n t a l  r e s u l t s  show c o n c l u s i v e l y  t h a t  th e  long wave­
le n g t h  a b s o r p t i o n  and th e  low e nergy  f l u o r e s c e n c e  observed  by H a r r i s  
a r e  due to  an i m p u r i t y  and a r e  not c h a r a c t e r i s t i c  o f  t h e  2 - p h e n y l -  
n a p h t h a le n e  m o le c u le .
The d i r e c t  and i n d i r e c t  e f f e c t s  o f  i m p u r i t i e s  p r o b a b ly  c o n s t i t u t e  
the  g r e a t e s t  source  o f  e r r o r  in  m o l e c u l a r  s p e c t r o s c o p i c  measurements.  
Thus ,  i m p u r i t i e s  should  be i d e n t i f i e d  whenever  p o s s i b l e ,  e s p e c i a l l y  
when t h e  i m p u r i t y  i s  d i f f i c u l t  to  remove or  d e t e c t  and is  a p t  to  be 
p r e s e n t  in  th e  s ource  m a t e r i a l .  The f o l l o w i n g  a t t e m p t s  were made to  
i d e n t i f y  the  i m p u r i t y  in  2 - p h e n y l n a p h t h a l e n e .
The low en erg y  a b s o r p t i o n  bands o f  th e  i m p u r i t y  in  2 - p h e n y l -  
n a p h t h a le n e  a r e  e s s e n t i a l l y  i d e n t i c a l  t o  th o s e  o f  th e  1 t_a *- 'A 
t r a n s i t i o n  o f  a n t h r a c e n e .  A n t h r a c e n e  a l s o  has an i n t e n s e  band a t  
2500 A. , which u n f o r t u n a t e l y  car|not be o b serv ed  because i t  i s  i s o e n e r -  
g e t i c  w i t h  an i n t e n s e  band in  2 - p h e n y l n a p h t h a l e n e .  The f l u o r e s c e n c e
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e x c i t a t i o n  spectrum o f  the low energy f lu o re s c e n c e  emission observed  
from the impure 2 -p h e n y ln a p h th a le n e  i n d ic a t e s  t h a t  a p o r t io n  o f  the  
2500 A. a b s o r p t io n  band is  c h a r a c t e r i s t i c  of  the  im p u r i ty .  From the 
a b s o rp t io n  and e x c i t a t i o n  da ta  above one would h a s t i l y  conclude t h a t  
the  im p u r i ty  was d e f i n i t e l y  anthracene.  However, the f lu o re s c e n c e  
emission from the im p u r i t y  is s h i f t e d  a p p ro x im a te ly  490 cm.  ^ to  the  
red of  t h a t  of  pure an thracene .  F u r t h e r  c lo se  o b s e r v a t io n  revea ls  
t h a t  the major  v i b r a t i o n a l  bands observed f o r  the  im p u r i t y  in 2 -  
pheny lnaphtha lene  a re  i s o e n e r g e t i c  w i th  the  low i n t e n s i t y  v i b r a ­
t i o n a l  bands in the  pure an th racene  f lu o re s c e n c e  spectrum. These 
o b s erva t io n s  suggest t h a t  an i n t e r m o l e c u la r  i n t e r a c t i o n  or  complex-  
a t i o n  e x i s t s  between an thracene  and 2 -p h en y ln ap h th a len e .  To t e s t
- 4t h i s  theory  s o lu t io n s  o f  10 molar  an thracene  c o n ta in in g  1 mole 
percent  (based on s o lu t e  o n l y ) ,  2 mole p e rce n t  and g r e a t e r  amounts 
of 2 -p h en y ln ap h th a len e  were made up and the  f lu o re s c e n c e  emissions  
of  each m ix tu r e  were recorded and were compared w i t h  t h a t  of  pure
- 410 molar  anthracene.  F ig u r e  3 shows the  f lu o re s c e n c e  emissions  
f o r  pure an th racene  and f o r  the  sample c o n ta in in g  2 mole percent  
2 -p h e n y ln a p h th a le n e .  I t  is e v id e n t  t h a t  the a d d i t i o n  o f  2 - p h e n y l ­
naphtha lene  causes an in c re a s e  in  the r e l a t i v e  i n t e n s i t y  of  the weak 
v i b r a t i o n a l  bands o f  the an thracene  emission.  The phenomenon was 
observed in  the  cases of  samples c o n ta in in g  1 mole percent  and 2 
mole percent  2 - p h e n y ln a p h th a le n e ,  but was not observed f o r  samples 
c o n ta in in g  5 mole percent  or  g r e a t e r  amounts of  2 -phen y ln aph tha lene .
A l though the data  a v a i l a b l e  a re  l i m i t e d ,  they i n d i c a t e  t h a t  a 
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FIGURE 3 .  77°  K. F lu or es ce nc e o f  Pure Anthracene and
Anthracene C o n ta in ing  2 mole % 2 -p h e n y ln a p h th a le n e  in  
3 -m e th y Ip e n ta n e
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o r i g i n  o f  the fo rc e s  re s p o n s ib le  f o r  the com plexat ion  is  u n c e r ta in .
In  a d d i t i o n  i t  is d i f f i c u l t  to  i n t e r p r e t  the e f f e c t  of  2 - p h e n y l ­
naphthalene upon the  an thracene  f lu o re s c e n c e  emission. The e f f e c t  
does not  appear to  be a s imple  s h i f t  in  energy o f  the  t o t a l  spectrum,  
but r a t h e r  an i n t e n s i f i c a t i o n  of  the a n t is y m m e tr ic  v i b r a t i o n a l  bands 
w i t h  a s imultaneous decrease in the i n t e n s i t y  of  the  symmetric v i b r a ­
t i o n a l  bands. I f  the  l a t t e r  c o n te n t io n  is  c o r r e c t ,  2 -phen y ln aph tha lene  
must have a pronounced e f f e c t  on the geometry of  the e x c i t e d  s t a t e  of  
anthracene.
Regard less o f  the f o r c e s  re s p o n s ib le  f o r  the com plexat ion  and the  
change in the f lu o re s c e n c e  emission of  an th ra c e n e ,  the f lu o re s c e n c e  
emission spectrum an anthracene  in  2 -p h en y ln ap h th a len e  approaches th a t  
o f  the im p u r i ty  p resen t  in  commercial  2 -ph en y ln ap h th a len e .  Anthracene
49has a ls o  been observed as an im p u r i ty  in f lu o r e n e  g i v i n g  an apparent  
second f lu o re s c e n c e .  I t  is  i n t e r e s t i n g  t h a t  the f lu o re s c e n c e  emission  
observed in t h i s  case is a lmost  i d e n t i c a l  to  the im p u r i t y  f lu o re s c e n c e  
from 2 -p h en y ln ap h th a len e .  A p p a re n t ly  f lu o r e n e  p e r tu r b s  anthracene  
in much the same way as does 2 -p h en y ln aph tha lene .
The e x p e r im e n ta l  ev idence  i n d ic a t e s  s t r o n g ly  t h a t  the im p u r i ty  in
2 -p h en y ln ap h th a len e  is  an thracene .  Anthracene is  a pr ime can d id a te  f o r  
the i m p u r i t y ,  s ince  both compounds a re  o b ta in ed  com m erc ia l ly  from the  
d i s t i l l a t i o n  o f  coa l  t a r .  The m e l t in g  and b o i l i n g  p o in ts  o f  2 - p h e n y l ­
naphtha lene a r e  rep o r ted  to  be 104°C and 3 4 5 ° C r e s p e c t i v e l y .  Those of  
anthracene a r e  216°C and 3 4 0 ° C r e s p e c t i v e l y .
49 R. N. Nurmukhametov, G. V. Gobov, O p t . Spect r y . , J_3, ( 1 9 6 2 ) ,  p. 384.
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H a r r i s  a ls o  observed a p r e v i o u s ly  unreported  t r a n s i t i o n  in  1 , 2 -  
b en z f lu o ren e  w i th  an a b s o rp t io n  maximum a t  3750 A. He a ls o  observed  
a second f lu o re s c e n c e  emission t h a t  a p p a r e n t ly  was a m i r r o r  image of  
t h i s  t r a n s i t i o n .  Both the a d d i t i o n a l  a b s o rp t io n  and emission were 
removed by a s i n g l e  s u b l im a t io n  a t  a tm ospher ic  pressure .  No a t tem pt  
was made to  i d e n t i f y  the im p u r i ty  in t h i s  case. The spec tra  o f  1 , 2 -  
b en z f lu o ren e  w i l l  be d iscussed in  more d e t a i l  l a t e r .
In v iew  o f  the  i m p u r i t i e s  found in  and removed from the prev ious  
compounds i t  was suspected t h a t  i m p u r i t i e s  were a ls o  re s p o n s ib le  f o r  
the  a d d i t i o n a l  emissions o f  f lu o r a n th e n e  th a t  were observed by Ory 
and Wharton. A f t e r  a t tem pts  to  p u r i f y  the f lu o r a n t h e n e  by s u b l im a t io n  
an a b s o rp t io n  spectrum e x a c t l y  i d e n t i c a l  to  t h a t  rep o r ted  by Wharton 
was ob ta ined .  In  s p i t e  o f  t h i s  r e s u l t  i m p u r i t i e s  were s t i l l  suspected.
A sample of  pure s y n t h e t i c  f lu o r a n th e n e  was ob ta ined  from Dr.
M i l t o n  O rch in  o f  the U n i v e r s i t y  of  C i n c i n n a t i .  Again  the a b s o rp t io n  
spectrum was i d e n t i c a l  w i t h  t h a t  rep o r ted  by Wharton, in c lu d in g  the  
long wavelength a b s o r p t io n  bands t h a t  had not been repor ted  p r e v io u s ly .  
The emissions o f  the s y n t h e t i c  f lu o r a n th e n e  were d i f f e r e n t  in t h a t  
on ly  the low energy f lu o re s c e n c e  and phosphorescence could be observed.  
For com parat ive  purposes the emissions from z o n e - r e f i n e d  f lu o ra n th e n e  
p r e v io u s ly  prepared by Wharton were measured under c o n d i t io n s  i d e n t i c a l  
w ith  those used f o r  the measurements w i t h  the  s y n t h e t i c  f lu o r a n th e n e .  
The dual  emissions were p rese n t  in  the z o n e - r e f i n e d  f lu o r a n th e n e  but  
not in  the s y n t h e t i c  f lu o r a n th e n e .
In v iew  of  t h i s  ev idence one must conclude t h a t  the dual  emissions  
observed f o r  f l u o r a n t h e n e  were due to  an im p u r i ty .  The im p u r i ty  phos­
*+3
phorescence in  f lu o r a n th e n e  is a lmost i d e n t i c a l  w i th  t h a t  of  phenanthrene  
but is s l i g h t l y  red s h i f t e d  as was t h a t  o f  an thracene  in  2 -pheny lnaph­
th a len e .  Phenanthrene is  a l i k e l y  can d id a te  as an im p u r i ty  in  f lu o r a n t h e n e ,  
s ince  both a r e  com m erc ia l ly  ob ta ined  from the  same coal  t a r  f r a c t i o n .
The m e l t in g  and b o i l i n g  p o in ts  of  f lu o r a n th e n e  a re  rep o r ted  to  be 111°C 
and 375° C r e s p e c t iv e ly .  Those o f  phenanthrene a r e  101°C and 3*+0°C 
r e s p e c t iv e ly .  No f u r t h e r  a t tem pts  were made to  i d e n t i f y  t h i s  im p u r i ty .
B. Spectra  o f  2 -Pheny lnaph tha lene
The a b s o rp t io n  sp e c tra  o f  s y n t h e t i c  2 -p h en y ln ap h th a len e  in  3~HP 
a t  room tem pera ture  and in  3-MPIP a t  77° K a r e  shown in F ig u r e  *+. The 
room tem pera ture  c r y s t a l  a b s o rp t io n  is a ls o  shown f o r  the  low energy  
reg ion.  The c r y s t a l  a b s o r p t io n  spectrum is  not a s i n g l e  c r y s t a l  
a b s o rp t io n  but t h a t  of  p o l y - c r y s t a l l i n e  2 -p h e n y ln a p h th a le n e  supported  
between two q u a r tz  p la t e s .
At  l e a s t  f o u r  t r a n s i t i o n s  a re  observed in  the room tem pera ture  
s o l u t io n  spectrum. The 1 *- 'A t r a n s i t i o n  appears in  the reg ion  of  
3200 A. as a shoulder  on the 1 *- 'A t r a n s i t i o n ,  which has i t s  
maximum a t  2870 A. The 1 B^ 'A band appears a t  2500 A. and a band 
t e n t a t i v e l y  assigned as th e  'C^ 'A. band has i t s  maximum a t  2120 A.
I t  is  im portan t  to  note f o r  f u t u r e  r e fe r e n c e  t h a t  the  'C^ *- 'A band 
c o n s is ts  of  a s i n g l e  peak a t  room tem perature .  The e x t i n c t i o n  c o e f ­
f i c i e n t  o f  t h i s  band is observed to  be somewhat less than t h a t  o f  the  
1B^ •- 'A band f o r  2 -ph en y ln ap h th a len e .
The a b s o r p t io n  f re q u e n c ie s  and e x t i n c t i o n  c o e f f i c i e n t s  measured 
f o r  2 -p h en y ln ap h th a len e  a re  given in  T ab le  I .
C r y s t a I  
Absorpt  f on
I •*
350 250 200300
350 300 250 200  
Wavelength mu
FIGURE 4 .  Room Temperature and 77 °  K. Ab so rp t io n  of  















Absorp t ion  Frequencies  and E x t i n c t i o n  C o e f f i c i e n t s  
of  2 -Pheny lnaphtha lene
2 5 ° C in  3-MP
Cm. * € ( l i t e r / m o l e  cm.)
2 9 ,1 5 4  c r y s t a l
3 0 ,0 7 5  c r y s t a l
34 ,843  1.25x10**
4 0 ,0 0 0  5 .67x10^
4 7 ,1 7 0  4. 12x10**
77°C in 3-MPIP
Cm. _1 
31 ,008  
33 , 222  
34 ,602  
35 ,971  
37,313  
3 9 ,215  
4 0 ,5 6 8
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There  seems to  be good agreement between the room tem pera ture  and
7 7 °K a b s o rp t io n  sp e c t ra  o f  2 -phen y ln aph tha lene  as id e  from the normal
increase  in  v i b r a t i o n a l  s t r u c t u r e  a t  77°K. The v i b r a t i o n a l  s p l i t t i n g s
in the 7 7 ° K spectrum are  on the average about 1350 cm. w h i l e  t h a t
in the  room tem pera tu re  c r y s t a l  a b s o rp t io n  spectrum was 921 cm.
50 51X - ra y  d i f f r a c t i o n  s tu d ies  i n d i c a t e  t h a t  the c r y s t a l l i n e  s t a t e
o f  b ip h e n y l ,  a molecule  analogous to  2 -p h e n y ln a p h th a le n e ,  is p la n a r
52or  n e a r ly  so. E l e c t r o n  d i f f r a c t i o n  s tu d ies  show t h a t  in  the vapor  
phase the p lanes o f  the phenyl r in g  l i e  a t  an ang le  of  42° to  each
53o t h e r .  T h is  ang le  has been i n t e r p r e t e d  by Goodwin and M o r ton -B lake  
to  be the e q u i l i b r i u m  p o s i t io n  r e s u l t i n g  from two f a c t o r s ,  the tendency  
toward p l a n a r i t y  due to  the Pz - o r b i t a l  o v e r la p  across the  bond between 
the r ings  and the tendency toward n o n - p l a n a r i t y  due to  s t e r i c  re p u ls io n  
between th e  2 : 2 '  and 6 ; 6 ‘ hydrogen atoms. These authors  have c a l c u l a t e d  
the energy c o n t r i b u t i o n  from both f a c t o r s  and have a r r i v e d  a t  an 
e xp ress ion  f o r  the t o t a l  energy of  the  system as a f u n c t io n  o f  the  
ang le  0 between the phenyl r in g  p lanes .  Th is  energy f u n c t io n  takes  
the form shown in F ig u r e  5-
The au thors  e s t im a te  t h a t  the minimum in the  z e ro  p o i n t  energy 
f o r  p la n a r  b ipheny l  is 1 K c a l . /m o le  h ig h e r  than t h a t  f o r  the molecule
H arg reaves ,  S. H a s e n r iz v i  , A c t a . C r y s t . 1 5 . (1962 ,  p. 365-
cl
G. B. Robertson,  N a t u r e . 191 , (1961 ,  p. 593.
52A. Almenningen,  0. B a s t ian s en ,  K lq . Norske Videns S e ls k .
S k r i f t e r , 4 ,  (1958 ) .
53T. H. Godwin, P. A. M o r to n -B la k e ,  T h e o r e t . Chim. A c t a . J^ ,















FIGURE 5.  Total  Energy o f  Bfphenyl Versus 0
Jr
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having a 42 degree ang le  between r in g  p lanes .  The p la n a r  c o n f i g u r a t io n  
observed in  the c r y s t a l  is  a t t r i b u t e d  t o  a g r e a t e r  c r y s t a l  b ind ing  
energy f o r  the p la n a r  molecule .
Geom etr ica l  and e l e c t r i c a l  c o n s id e r a t io n s  i n d i c a t e  th a t  r e s u l t s  
s i m i l a r  to  those f o r  b ipheny l  should be observed f o r  2 -phen y ln aph tha lene .  
The hydrogen r e p u ls io n  terms should not be s i g n i f i c a n t l y  d i f f e r e n t  in  
the  case o f  2 -p h en y ln ap h th a len e  and the resonance s t a b i l i z a t i o n  term 
should be a t  l e a s t  as g re a t  as t h a t  of  b ipheny l .  C o n s id e ra t io n  o f  
e l e c t r o n  t r a n s f e r  between r ings  in terms of  p o l a r  resonance s t r u c t u r e s  
i n d ic a t e s  t h a t  the  resonance s t a b l i z a t i o n  term between r ings is  g r e a t e r  
f o r  2 -p h e n y ln a p h th a le n e ;  more resonance s t r u c t u r e s  a re  p o s s ib le  and the  
e l e c t r o n  a f i n i t i e s  are  d i f f e r e n t  in the case of  2 -pheny lnaphtha lene .
Thus, l i k e  t h a t  o f  b ipheny l  the z e r o  p o in t  energy curve f o r  2 - p h e n y l ­
naphtha lene should e x h i b i t  two minima, a sha l low  minimum a t  0 degrees  
and a s l i g h t l y  deeper  minimum between 30 and 40 degrees.  The curve  
may be s l i g h t l y  unsymmetr ical  when p l o t t e d  over 180° in  the 2 - p h e n y l ­
naphtha lene case. In  the  c r y s t a l  the  2 -p h e n y ln a p h th a le n e  molecules  
should be p la n a r  w h i l e  in  the vapor  o r  s o l u t i o n  th e re  should be 
a Boltzmann d i s t r i b u t i o n  of  tw is te d  molecules .  Spectroscopic  
measurements should con f i rm  these p r e d i c t i o n s .
In the 77°K a b s o rp t io n  spectrum o f  2 -phen y ln aph tha lene  in  3"MP 
( F ig u r e  2) the f i r s t  v i b r a t i o n a l  band o f  the 1 *- 'A t r a n s i t i o n  is 
observed a t  3225 A. ( 3 1 ,0 1 0  cm. * ) .  I n c r e a s in g  the  c o n c e n t r a t io n  
i n t e n s i f i e s  t h i s  weak band but the  spectrum does not show any longer  
wavelength  bands. However, i f  the  s o l u b i l i t y  o f  2 -phen y ln aph tha lene
is  exceeded,  a d d i t i o n a l  bands beg inn ing  a t  3*00  A. ( 2 9 ,1 5 0  cm. *)  a re  
observed. These longer  wavelength  bands c o in c id e  w i t h  those observed  
in  the spectrum of  the  c r y s t a l .  The band observed a t  3 1 ,0 1 0  cm.  ^ in 
the s o l u t io n  spectrum is  assigned to  be the  0 - 0  band o f  the  1 •- 'A 
t r a n s i t i o n  f o r  the m olecu le  in s o l u t i o n  and t h a t  a t  2 9 ,1 5 0  cm.  ^ in  
the  c r y s t a l  spectrum is  b e l i e v e d  to  be the corresponding  band f o r  the  
m olecule  in  the  c r y s t a l l i n e  m a t r ix .  The 1860 cm.  ^ red s h i f t  o f  the  
c r y s t a l  spectrum from the s o l u t io n  spectrum is  unu su a l ly  l a r g e ,  and 
thus must be a t t r i b u t e d  to  a change from a n o n -p lan ar  m olecu le  in 
s o l u t io n  to  a p la n a r  m olecu le  in  the c r y s t a l .  In  g lassy  s o l u t io n  a t  
77°K the e l e c t r o n i c  t r a n s i t i o n  is from a n o n -p la n a r  e q u i l i b r i u m  ground 
s t a t e  to  an i d e n t i c a l  (Franck-Condon) n o n -p la n a r  e x c i t e d  s t a t e  w h i l e  
in the c r y s t a l  the t r a n s i t i o n  is from a p l a n a r  ground s t a t e  to  the  
p la n a r  Frahck-Condon e x c i t e d  s t a t e .
The v i b r a t i o n a l  f requency  in  the  1 e x c i t e d  s t a t e  is  measured 
to  be 920 cm. * f o r  the molecule  in the c r y s t a l .
The f lu o re s c e n c e  and phosphorescence emission sp e c t ra  o f  2 - p h e n y l -  
naphtha lene in r i g i d  g lassy  3~MP a t  77°K a r e  shown in F ig u r e  6. For  
comparison purposes the corresponding  emission sp e c t ra  o f  naphtha lene  
a re  a ls o  shown. The s p e c t ro s c o p ic  d a ta  f o r  2 -p h en y ln a p h th a le n e  a r e  
g iven  in  T a b le  I I  and those f o r  naphtha lene  a re  g iven  in  T a b le  I I I .
The f lu o re s c e n c e  emission of  2 -p h e n y ln a p h th a le n e  in  r i g i d  g lass  
a p p a r e n t ly  does not  e x h i b i t  the t y p i c a l  m i r r o r  image r e l a t i o n s h i p  
to  the corresponding  a b s o rp t io n  in  r i g i d  g lass .  I t  is  im poss ib le  to  














2 -p h e n y ln a p h th a le n e  
E x c i t e d  at 240 mu 
S l i t -  1.1 mm
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E x c i t e d  a t  275 mu 
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FIGURE 6 .  77°  K. Emission Spec tra  o f  Naphthalene and
2 -p h e n y ln a p h th a le n e  1n 3 -m eth y Ipen tane
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TABLE H
Emission Frequencies  of  2 -Pheny lnaphtha lene
F luorescence  
r  " IA Cm.
3420 29 ,240
3545 28 ,209
3680 2 7 ,1 7 4
3825 2 6 ,1 4 4
Phosphorescence
A .Cm."1



































Emission Frequencies of  Naphthalene
F luorescence
„  -1  Cm.
3 1 ,7 4 6  
3 1 ,2 5 0  
3 0 ,9 8 9  
3 0 ,8 3 6  
30 ,469  
30 ,239  
29 ,895  
29 ,656  
2 9 ,4 5 5  
2 9 ,112  
2 8 ,8 1 8  
28 ,490  




2 1 ,2 9 9
2 0 ,747  
19,881 
19 ,417  
18 ,484  
18 ,365
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s t a t e  from the 7 7 °K a b s o r p t io n  spectrum. E s t im a t io n  of  these f r e q u e n c ie s ,  
however,  g ives  an i n d i c a t i o n  t h a t  the v i b r a t i o n a l  f re q u e n c ie s  o f  the  
e x c i t e d  s t a t e  may be h ig h er  than those of  the  corresponding ground s t a t e .  
The v i b r a t i o n a l  f requency in  the ground s t a t e  is  measured to  be 1030 cm. 
The 0 , 0  band in t h e  f lu o re s c e n c e  e m iss ion ,  observed a t  3420 A. ( 2 9 .2 4 0  
cm. *)  is  d is p la c e d  1770 cm. * f rom the 0 , 0  band in  abso rp t io n .
Comparison o f  the  f lu o re s c e n c e  emission from the  r i g i d  glassy
s o l u t i o n  w i th  th e  c r y s t a l  a b s o r p t io n  shows t h a t  an e x c e l l e n t  m i r r o r
image r e l a t i o n s h i p  e x i s t s  between the  s o l u t i o n  f lu o re s c e n c e  and the
c r y s t a l  a b s o rp t io n .  The 0 , 0  band of  the  f lu o re s c e n c e  emission from the
-1
r i g i d  g lassy  s o l u t io n  is  on ly  90 cm. to  the b lue  of  the  0 , 0  band o f  
the  c r y s t a l  abso rp t io n .  So lvent  e f f e c t s  p r e d i c t  t h a t  the s o l u t io n  
spectrum should be s l i g h t l y  b lue  o f  the c r y s t a l  spectrum. The v i b r a ­
t i o n a l  f requency measured in  the f lu o re s c e n c e  emission (1030 cm. 
compares f a v o r a b l y  w i t h  the  v i b r a t i o n a l  f requency  measured in the  
c r y s t a l  a b s o rp t io n  (920 cm. * ) ;  the  ground s t a t e  f requency  is  g r e a t e r  
as i t  should be. In  v iew  o f  the p rev ious  assignments the f lu o re s c e n c e  
emission observed in  r i g i d  g lassy  3~MP must correspond to  a t r a n s i t i o n  
from a p la n a r  e x c i t e d  s t a t e  to  a p l  anar  ground s t a t e .  S ince the  
a b s o rp t io n  in  r i g i d  g lassy  3*MP was assigned to  a n o n -p la n a r  to  non-  
p la n a r  t r a n s i t i o n ,  the i n d i c a t i o n  is  t h a t  d u r in g  the r e l a x a t i o n  from  
the Franck-Condon e x c i t e d  s t a t e  to  the e x c i t e d  s t a t e  to  the  e q u i l i b r i u m  
e x c i t e d  s t a t e  the r in g s  must r o t a t e  to  a p l a n a r  c o n f i g u r a t io n .  Thus 
the p la n a r  m olecule  must correspond to  the lowest  energy species f o r  
the e x c i t e d  s t a t e .  The deepest  minimum in  the z e r o - p o i n t  energy curve
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must,  t h e r e f o r e ,  occur  a t  0 = 0° .  Based on the exp e r im e n ta l  o b s e rv a t io n s  
the p r e d i c t e d  z e r o - p o i n t  energy curves f o r  both the ground and e x c i t e d  
e l e c t r o n i c  s t a t e s  have been c on s truc ted  and a re  shown in  F ig u r e  7* The 
ground s t a t e  minimum is  shown a r b i t r a r i l y  a t  38®. For the  p rese n t  the  
38° a n g le  is  o n ly  an e s t im a te d  v a lu e  r e f l e c t i n g  the b e l i e f  t h a t  the  
resonance c o n t r i b u t i o n  should be s l i g h t l y  l a r g e r  f o r  2 -ph en y ln ap h th a len e  
than f o r  b ip h e n y l .  Hence the e q u i l i b r i u m  c o n f i g u r a t i o n  would in v o lv e  
a s m a l le r  ang le  than the 42° ang le  observed in  b ipheny l .
In  F ig u r e  7 Kg represen ts  the  0 , 0  band o f  the  1 'A t r a n s i t i o n  
observed a t  2 9 ,2 4 0  cm.  ^ in  the low tem pera tu re  f lu o re s c e n c e  emission  
and Kj rep res en ts  the 0 , 0  band o f  the 1 *- 'A t r a n s i t i o n  observed  
a t  3 1 ,0 1 0  cm.  ^ in  the low tem pera ture  a b s o r p t io n  spectrum in d i l u t e  
s o l u t io n .  From the  a v a i l a b l e  da ta  i t  is  not  p o s s ib le  t o  p r e d i c t  the  
shape o f  th e  z e r o - p o i n t  energy curve in  the  e x c i t e d  s t a t e ,  however,  
the d i f f e r e n c e  in  energy between the z e r o - p o i n t  energy o f  the F ran c k -  
Condon e x c i t e d  s t a t e  and the  z e r o - p o i n t  ehergy o f  the e q u i l i b r i u m  
e x c i t e d  s t a t e  can be determ ined .  The d i f f e r e n c e  in z e r o - p o i n t  en e rg ies  
is  g iven by the  energy s h i f t  observed between a b s o rp t io n  and emission  
(1770 cm.  ^ o r  5 -1  K c a l . / m o le )  minus the d i f f e r e n c e  in  z e r o - p o i n t  
e n e rg ie s  in  the  ground s t a t e .  The d i f f e r e n c e  in  z e r o - p o i n t  e n e rg ie s  
in th e  ground s t a t e  has p r e v i o u s ly  been es t im a te d  to  be a p p ro x im a te ly  
1 K c a l . /m o le .  T h is  g ives  4 . 1  K c a l . / m o le  f o r  the d i f f e r e n c e  in z e r o -  
p o in t  energy between the  Franck-Condon e x c i t e d  s t a t e  and the  e q u i l i b r i u m  
e x c i t e d  s t a t e .  T h is  r e l a t i v e l y  l a r g e  energy d i f f e r e n c e  p ro v id es  
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FIGURE 7 .  Z e r o - p o i n t  Energy of  2 -p h e n y lna p h th a le n e
Versus 0 For Both Ground S t a t e  and E x c i t e d  S t a t e
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however,  i t  is  d i f f i c u l t  t o  understand how t h i s  r e o r i e n t a t i o n  is  completed  
w i t h i n  the e x c i t e d  s t a t e  l i f e t i m e  ( ~  10 ^ s e c . )  and in  r i g i d  g lassy  
medium a t  77° K. S ince  e s s e n t i a l l y  no em iss ion  is  observed toward h ig h e r  
f r e q u e n c ie s  than the  0 , 0  band in  the f lu o r e s c e n c e  e m is s io n ,  the r e o r i e n ­
t a t i o n  must occur  in  less  than 1 /1 0 0  o f  th e  e x c i t e d  s t a t e  l i f e t i m e  
_8
(~10 s e c . ) .  T h is  e s t im a te d  maximum r e l a x a t i o n  t ime is  l a r g e  compared 
w i t h  r o t a t i o n a l  and v i b r a t i o n a l  p e r io d s  and thus many thousands o f  v i b r a ­
t io n s  and i n t e r n a l  r o t a t i o n s  cah occur  d u r in g  the  t ime i n t e r v a l .
The l a r g e  s t a b i l i z a t i o n  energy o f  the  p l a n a r  c o n f i g u r a t i o n  r e l a t i v e  
to  the n o n -p la n a r  c o n f i g u r a t i o n  in  the  e x c i t e d  s t a t e  i n d i c a t e s  t h a t  
t h e r e  must be a s i g n i f i c a n t  in c r e a s e  in  the  double  bond c h a r a c t e r  of  
the  bond between th e  two a r o m a t ic  r ings  in  the  e x c i t e d  s t a t e .  The 
f o l l o w i n g  p o l a r  resonance s t r u c t u r e s  in  which a p a r t i a l  e l e c t r o n i c  
charge is  t r a n s f e r r e d  from one a r o m a t ic  r in g  to  the  o t h e r  a re  c o n s is t e n t  
w i t h  the  proposed i n c r e a s e  in  bond o r d e r .
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There  a r e  two obvious exp er im ents  by which to  prove t h a t  the  
e q u i l i b r i u m  e x c i t e d  s t a t e  o f  2 -p h e n y ln a p h th a le n e  in  g lassy  3"HP is  
p la n a r .  I f  a p o t e n t i a l  b a r r i e r  e x i s t s  between the p l a n a r  and non-  
p l a n a r  c o n f i g u r a t i o n  in  the ground s t a t e ,  then i t  should be p o s s ib le  
to  c o n v e r t  the  m olecu les  t o  the  p l a n a r  c o n f i g u r a t i o n  by o p t i c a l  
pumping v i a  the  f i r s t  e x c i t e d  s i n g l e t  s t a t e .  The change from  
n o n -p la n a r  to  p l a n a r  m olecu les  cou ld  be v e r i f i e d  by measuring the  
a b s o r p t io n  spectrum b e fo r e  and a f t e r  i r r a d i a t i o n  o f  the  g lassy  
m a t r i x .  T h is  exp er im ent  was a t te m p ted  on 2 -p h e n y ln a p h th a le n e  in  
g la s s y  3"MP a t  7 7 ° K and no change in  a b s o r p t i o n  was observed.
However,  the  r e s u l t s  do not imply t h a t  the  i n t e r p r e t a t i o n  o f  a 
p l a n a r  e x c i t e d  s t a t e  is  i n c o r r e c t ,  but r a t h e r  t h a t  the  r a t e  of  
the p l a n a r  to  n o n -p la n a r  isomerism in  the ground s t a t e  is  s u f f i ­
c i e n t l y  r a p id  t h a t  a h ig h  p o p u la t i o n  o f  th e  p l a n a r  c o n f i g u r a t i o n  
could  not be o b ta in e d  under the  e x p e r im e n t a l  c o n d i t io n s .  In  a more 
r i g i d  m a t r i x  and a t  lower te m p e ra tu re  th e  exp er im ent  has a b e t t e r  
chance f o r  success.
The second e x p e r im e n t a l  approach is  s im ply  t o  f i n d  a s o lv e n t  
m a t r i x  t h a t  is  s u f f i c i e n t l y  r i g i d  a t  77<,K to  s t e r i c a l l y  p r o h i b i t  the  
r o t a t i o n  from the  n o n -p la n a r  to  p l a n a r  c o n f i g u r a t i o n  in  the  e x c i t e d  
s t a t e .  Under these  c o n d i t io n s  the  f l u o r e s c e n c e  em iss ion  should  
b l u e - s h i f t  and m i r r o r  image the a b s o r p t io n  measured in  th e  p a r t i c u l a r  
m a t r i x .  T h is  exp er im en t  was a t te m p te d  in  mixed a l c o h o l i c  g la s s  and 
in s o l i d  benzene. In  a l c o h o l i c  s o lv e n t  the  normal r e d - s h i f t  (240 cm. *)  
r e l a t i v e  to  t h e  f l u o r e s c e n c e  em iss ion  in  3"MP was observed and t h e r e
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was a change in  the  Franck-Condon v i b r a t i o n a l  contour.  No emission  
was observed to  the b lue  and the  measured v i b r a t i o n a l  f requency was 
t h a t  o f  the p l a n a r  c o n f i g u r a t io n .  E s s e n t i a l l y  the  same r e s u l t s  were  
obta ined  f o r  the  s o l i d  benzene m a t r i x  w i t h  the e x c e p t io n  t h a t  a few  
weak bands appeared to  the b lue  o f  the main f lu o re s c e n c e  and in  the  
c o r r e c t  reg ion  to  be emissions from a n o n -p la n a r  e x c i t e d  s t a t e .  I t  
was not p o s s ib le  to  conclude t h a t  these bands were d e f i n i t e l y  due to  
emissions from a smal l  f r a c t i o n  o f  n o n -p la n a r  molecules .  They were  
d e f i n i t e l y  not benzene emission bands, however.
C. Spec tra  o f  2 * -M e th y 1-2 -P h e n y ln a p h th a le n e
A good method to  t e s t  the hypothes is  t h a t  2 -p h en y ln ap h th a len e  is  
n o n -p la n a r  in  the  ground s t a t e  but  p l a n a r  in the q u i i l i b r i u m  e x c i t e d  
s t a t e  is to  compare i t s  s p e c t r a l  p r o p e r t i e s  w i t h  those o f  one o f  i t s  
d e r i v a t i v e s  t h a t  cannot ach ieve  complete p l a n a r i t y .  The s im ples t  
m olecule  f o r  such a comparison is  2 1-m e th y 1 -2 -p h e n y ln a p h th a le n e .
I t  is im poss ib le  f o r  t h i s  m olecu le  to  become p l a n a r  due to  s t e r i c  
r e p u ls io n  between the 2 ' - m e t h y l  group and e i t h e r  the  1 o r  3 - hydrogen  
atoms. The presence o f  the  methyl  group should s e r i o u s l y  h in d e r  any 
r o t a t i o n  o f  the  phenyl r ing .
The a b s o rp t io n  sp e c t ra  o f  2 1-m e th y 1 -2 -p h e n y ln a p h th a le n e  in  3 “MP 
and 3~MPIP were measured a t  room tem pera tu re  and 77°K r e s p e c t i v e l y .  
These sp e c t ra  a re  shown in  F ig u r e  8. The s p e c t r a l  da ta  is  g iven  in  
T ab le  IV. As in  the  case o f  2 -p h e n y ln a p h th a le n e ,  one observes the  














FIGURE 8 .  Room Temperature and 77°  K. A bsorp t ion  of  


















A b sorp t ion  Frequencies  and E x t i n c t i o n  C o e f f i c i e n t s  
o f  2 1- M e t h y l - 2 -P h e n y ln aph tha lene
2 5 ° C in  3-MP
Cm. * c ( l i t e r / m o l e  cm.)
3 6 ,3 6 4  5. 4 5 x 103
4 1 ,6 6 7  2. 75x10**
4 4 , 4 4 4  3. 53x10**
4 5 ,8 7 2  3-53x10**
77° K in 3-MPIP
Cm.  ^
31 ,250  
3 1 ,4 4 7  
32,680 
3 4 ,1 3 0  
3 5 ,3 9 8  
36 ,630  
3 7 ,8 7 9  
4 0 ,0 0 0  
4 1 ,1 5 2  













as a shoulder on the 'L «- 'A t r a n s i t i o n ,  which has i t s  maximum a t  2750 A.a
a t  room tem perature .  The 'B^ *- 'A and 'C^ 'A t r a n s i t i o n s  have t h e i r
maxima a t  2400 A. and 2180 A. r e s p e c t iv e ly .  In  the room tem pera ture  
spectrum but  not in the  low tem pera tu re  a b s o rp t io n  spectrum, a new 
t r a n s i t i o n  is  observed a t  2250 A. , which when combined with  the  
'C^ *“ 'A band g ives  an e x t i n c t i o n  c o e f f i c i e n t  g r e a t e r  than t h a t  f o r  
the *- 'A t r a n s i t i o n .  There  is  a ls o  observed a decrease in the  
e x t i n c t i o n  c o e f f i c i e n t  o f  the 1 B, *- 'A t r a n s i t i o n  to 2 . 7 5  x 10 from
D
a v a lu e  of  5 -67  x 10 from the same t r a n s i t i o n  in  2 -phen y ln aph tha lene .
Some genera l  conc lus ions  concerning the p robab le  o r i g i n  o f  t h i s  band 
w i l l  be g iven a f t e r  some of the p r o p e r t i e s  o f  s i m i l a r  bands o f  the  
halogen d e r i v a t i v e s  have been discussed.
Comparison o f  the 7 7 ° K a b s o rp t io n  spectrum o f  2 - m e t h y l - 2 -  
pheny lnaphtha lene  w i th  t h a t  o f  2 -ph en y ln ap h th a len e  shows t h a t  the  
0 , 0  band of  the ' «- 'A t r a n s i t i o n  f o r  2 ' - m e t h y l - 2 - p h e n y ln aph tha lene
is b lue  s h i f t e d  240 cm. * r e l a t i v e  to  t h a t  of  2 -p h en y ln ap h th a len e .
The i n d i c a t i o n  is  t h a t  2 ' -m e th y 1 -2 -p h e n y ln a p h th a le n e  is  s l i g h t l y  more 
out  o f  p lane  than is 2 -p h en y ln ap h th a len e  in  the e l e c t r o n i c  ground s t a t e .  
The c r y s t a l  a b s o rp t io n  spectrum o f  2 ' - m e t h y l - 2 - p h e n y ln a p h th a le n e  does 
not reve a l  any longer  wavelength  bands o f  the type found in  2 - p h e n y l ­
naphtha lene.  T h is  i n d i c a t e s ,  as expected ,  t h a t  2 1- m e th y 1 -2 -p h e n y l ­
naphtha lene is  n o n -p la n a r  in  the c r y s t a l l i n e  s t a t e .
The 77°K f lu o r e s c e n c e  and phosphorescence sp e c tra  of  2 ' - m e t h y l -  
2 -phen y1 naphtha lene in r i g i d  g lassy  3 “MP a re  shown in F ig u r e  9 and the  
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FIGURE 9.  77 °  K. F luor escence and Phosphorescence of
2 ' - m e t h y l - 2 - p h e n y I naphtha Iene in  3 -m eth y Ip en tan e
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TABLE V
Emission Frequenc ies  o f  2 ’ - M e t h y l - 2 - P h e n y ln aph tha lene
F luorescence
A Cm. * A  If
3280 3 0 ,4 8 8  0
3335 2 9 ,9 8 5  503
3455 2 8 ,9 4 4  1544
3585 2 7 ,8 9 4  2594
3725 2 6 ,846  3642
Phosphorescence
A Cm. * A y
4785 2 0 ,8 9 9  0
5135 1 9 ,474  1425
5540 18,050 2849
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The 0 , 0  band in  the  f lu o re s c e n c e  emission o f  2 * -m e th y 1 -2 -p h en y1-  
n aphtha lene ,  observed a t  3 0 ,4 5 0  cm. is  r e d - s h i f t e d  760 cm. * from 
the  0 , 0  band measured in the ab s o rp t io n  spectrum. Th is  energy d i f f e r e n c e  
i n d ic a t e s  t h a t  2 1- m e t h y l - 2 - p h e n y ln a p h t h a le n e ,  l i k e  2 -p h e n y ln a p h th a le n e , 
is  c l o s e r  to  p l a n a r i t y  in  the e q u i l i b r i u m  e x c i t e d  s t a t e  than in the  
ground s t a t e ,  however,  comparison of  the s h i f t  observed f o r  2 ' - m e t h y l -  
2 -p h en y ln a p h th a le n e  (760 cm. *)  w i t h  t h a t  observed in  2 -phen y ln aph tha lene  
(1770  cm. * )  i n d ic a t e s  t h a t  2 1-m e th y 1 -2 -p h e n y ln a p h th a le n e  does not reach 
the p l a n a r  c o n f i g u r a t i o n  as does 2 -ph en y ln ap h th a len e .  The data  is 
c o n s is te n t  w i th  the added s t e r i c  r e p u ls io n  f o r  2 1- m e t h y l - 2 - p h e n y l -  
naphtha lene and the  e x p e r im e n ta l  ev idence  t h a t  2 -phen y ln aph tha lene  
is  p la n a r  in  the  c r y s t a l l i n e  s t a t e  w h i l e  2 ' - m e t h y l - 2 - p h e n y lnaphtha lene  
is n o n -p lan ar .  In  the a b s o rp t io n  spectrum o f  2 1- m e t h y l - 2 - p h e n y l -  
naphtha lene the v i b r a t i o n a l  f requency  of  the e x c i t e d  s t a t e  is  measured 
to  be 1230 cm. *. That  o f  the  ground s t a t e  is  measured to  be 1040 cm. * 
in  th e  f lu o re s c e n c e  spectrum. As was es t im a te d  f o r  2 -p h en y ln aph tha lene  
the v i b r a t i o n a l  f requency  o f  the e x c i t e d  s t a t e  is  h igher  than th a t  of  
the ground s t a t e .  G e n e r a l ly  the  v i b r a t i o n a l  f requency in  the ground 
s t a t e  is a p p ro x im a te ly  10 p e rce n t  h ig h e r  than t h a t  f o r  the  corresponding  
e x c i t e d  s t a t e .  Th is  aga in  i n d i c a t e s  t h a t  the e q u i l i b r i u m  e x c i t e d  s t a t e  
is  n e a re r  the p la n a r  c o n f i g u r a t i o n  than is  the  e q u i l i b r i u m  ground s t a t e .
The e x p e r im e n ta l  da ta  determ ined  in  the  case of  2 ' - m e t h y l - 2 -  
phe ny lnaphtha lene  s t r o n g ly  support  the i n t e r p r e t a t i o n  of  the 2 - p h e n y l ­
naphtha lene sp e c tra .  In c r e a s in g  the  s t e r i c  r e p u ls io n  g r e a t l y  reduces 
the c o n t r i b u t i o n  o f  the  resonance s t a b i l i z a t i o n  term between r ings.
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The reduced c o n t r i b u t i o n  of  the resonance s t a b i l i z a t i o n  to  the  pi  
e l e c t r o n s  is  r e f l e c t e d  in  the  observed s p e c t r a l  s h i f t s  and v i b r a ­
t i o n a l  f re q u e n c ie s .
D. Spectra  of  1 - H a l o - 2 -Pheny lnaphtha lenes
In the study of  2 ' -m e th y 1 -2 -p h e n y ln a p h th a le n e  and 2 - p h e n y l ­
naphtha lene ,  the determined a b s o rp t io n  da ta  from c r y s t a l l i n e  2 -  
pheny lnaphtha lene  was l i m i t e d  to  a p o r t io n  o f  the 1 *- 'A t r a n s i t i o n .  
Since the c r y s t a l  is  b e l i e v e d  t o  keep the  m olecu le  p la n a r  in the  ground 
s t a t e ,  the  data  f o r  the p la n a r  c o n f i g u r a t i o n  a r e  s e v e r e ly  l i m i t e d .
The t r a n s i t i o n  en erg ies  and band contours  f o r  the  h ig h er  energy  
t r a n s i t i o n s  o f  the p la n a r  c o n f i g u r a t i o n  a r e  s t i l l  unknown. These 
d ata  a re  e s s e n t i a l  in  the e v a l u a t i o n  of  resonance i n t e r a c t i o n s  and 
charge t r a n s f e r  c o n t r i b u t i o n s  t o  h ig h e r  energy s t a t e s .  In  a d d i t i o n ,  
the  a b s o rp t io n  and emission s p e c t ra  of  the  p l a n a r  2 -p h en y ln ap h th a len e  
d e r i v a t i v e  should c o n t r i b u t e  to  the  p rev ious  i n t e r p r e t a t i o n  o f  the  
2 -p h e n y ln a p h th a le n e  sp e c t ra .  The th eo ry  is  t h a t  the m olecu le  w i th  
a p l a n a r  e q u i l i b r i u m  ground s t a t e  in  s o l u t i o n  should have a red -  
s h i f t e d  a b s o r p t io n  spectrum, and more im p o r ta n t ,  the  a b s o r p t io n  and 
f lu o re s c e n c e  emission should e x h i b i t  a good m i r r o r  image r e l a t i o n s h i p .
There  a re  two methods by which to  f i x  the 2 -p h en y ln ap h th a len e  
m olecule  so t h a t  i t  can be m a in ta ined  in  a p la n a r  c o n f i g u r a t i o n .  The 
f i r s t  method is  to c h e m ic a l ly  bond the  r in g  p lanes t o g e th e r .  An 
example o f  such bonding is  1 , 2 - b e n z f lu o r e n e  (see s e c t io n  E) in  which 
a methylene group f i x e s  the r e l a t i v e  p o s i t i o n  o f  the r ings  in  p lane.
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W eisburger ,  Weisburger and Ray have r e c e n t l y  shown by s tereoc hem ica l  
measurements t h a t  f l u o r e n e  has a p la n a r  c o n f i g u r a t i o n  in  s o l u t io n .
The second approach is to  reduce th e  Hydrogen-hydrogen re p u ls io n s  
which tend to  keep the phenyl  and naphtha lene r ings  out  o f  p la n e ,  or  
b e t t e r  ye t  to  change the re p u ls io n  to  an a t t r a c t i o n .  In  the quantum 
mechanical  d e s c r i p t i o n  o f  the system such an a t t r a c t i o n  would be 
represented  by a term t h a t  would support  the  resonance term in  
d e s c r ib in g  the tendency toward p l a n a r i t y .  The w r i t e r  contends t h a t  
exchanging a halogen atom f o r  the  hydrogen atom in the 1 - p o s i t i o n  of  
2 -p h en y ln ap h th a len e  exchanges th e  hydrogen-hydrogen r e p u ls io n  f o r  a 
1- h a l o g e n - 2 1-hydrogen a t t r a c t i o n .  The e n e rg ie s  invo lved  a re  smal l  
but  s u f f i c i e n t  to  change the  e q u i l i b r i u m  ground s t a t e  from the non-  
p l a n a r  to  the p l a n a r  c o n f i g u r a t i o n  a t  7 7 ° K. These c o n ten t io n s  a r e  
based on the geometry of  2 -p h e n y ln a p h th a le n e ,  the e l e c t r o n e g a t i v e  
c h a r a c t e r  of  the halogens (d iscussed below) and the  spectroscopy  
o f  the l -h a lo - 2 - p h e n y ln a p h t h a l e n e s .
A s c a le  model o f  the p la n a r  l - h a l o - 2 - p h e n y lnaph tha lenes  is  shown 
in  F ig u r e  10. The model is  based upon the  f o l l o w i n g  data .  A l l  
carbon-carbon bond lengths  w i t h i n  the  r ings  were assumed to  be 1 .40  A. 
and the bond between the r ings  was assumed to  be 1 .50  A. in  length .
Th is  leng th  was es t im a te d  from the  i n te r p h e n y l  bond leng th  in b ip h e n y l ,  
which was found to  be 1 .50  A. by x - r a y  c r y s t a l  a n a ly s is .  •’ •’ *56
H. W eisburger ,  E. K. Weisburger  and F. E. Ray, Am. Chem. 
Soc. , 2 2 ,  ( 1 9 5 0 ) ,  p. 4250.
55'A. Hargreaves ,  S. H a s e n r i z v i ,  l o c . c i t .
G. B. Robertson,  loc. c i  t .
0 . 2  AncstromsS c a l e  5n
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FIG'JOE 10.  Geometry o f  P l a n a r  ‘! - u a ! o - 2 - p he n y  ! naphtha I ene D e r i v a t i v e s
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o th e r  bond lengths were based on the a p p r o p r ia t e  co v a le n t  r a d i i .
From the  s c a le  drawing the  X H i n t e r n u c l e a r  d is ta n c e s  in  the
p la n a r  c o n f i g u r a t i o n  were measured to  be 1 .80  A. , 1 .66  A. , 1 .57  A.
and 1.56 A. f o r  X equals  H, F ,  Cl and Br r e s p e c t i v e l y .  The C-X H
angles were measured to  be 121° ,  111®, 99° and 93° r e s p e c t i v e l y  f o r
r rQ
X equals  H, F,  Cl and Br. X - ra y  and i n f r a r e d  data  have shown
t h a t  molecules of  the  hydrogen h a l id e s  e x i s t  as z i g - z a g  chains o f
hydrogen bonded molecules a t  low tem perature  in  the c r y s t a l l i n e
s t a t e .  The d is ta n c e s  between hydrogen bonded molecules a re  not
much g r e a t e r  than the  i n t e r a t o m i c  d is ta n c e s  w i t h i n  the molecu les .
In  a d d i t i o n ,  d e f i n i t e  va len c e  angles a re  observed in  these hydrogen
bonds. The exact  va lues  f o r  the i n t e r m o l e c u la r  d is t a n c e  in  HCl and
HBr a re  u n c e r ta in  due to  v a r io u s  phase t r a n s i t i o n s  in  these compounds.
59The H F d is ta n c e  in  s o l i d  HF is  a p p ro x im a te ly  1 .3^  A. The
H -X  H ang les were found to  be 120. 1® , 107° and 97® r e s p e c t i v e l y
f o r  F,  Cl and Br.
In the  l - h a l o - 2 - p h e n y ln aph tha lenes  the magnitude o f  the hydrogen-  
halogen a t t r a c t i o n  should depend upon how c l o s e l y  the hydrogen-halogen  
angles and d is ta n c e s  approach those measured f o r  the hydrogen h a l id e s  
as w e l l  as upon the  charge on the  halogen and hydrogen atoms. Comparison
of  the d a ta  f o r  the l - h a l o - 2 -p heny lna ph th a le nes  w i t h  t h a t  o f  the  hydrogen
A t o j i  and W. N. Kipscomb, A c t a . C r y s t . 195^+ > p. 173-
*^D. F. Horn ig  and W. E. Osberg, J .  Chem. Phys. 2 3 . 1955. p. 662.
59Y. K. S y rk in  and M. E. D y a tk in a ,  S t r u c t u r e  of  M o lecu les  and 
the Chemical Bond . I n t e r s c i e n c e  P u b l i s h e r s ,  Inc .  , 1950, p. 276.
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h a l id e s  shows t h a t  the  g r e a t e s t  d e v i a t i o n  from the ang les observed  
f o r  the hydrogen h a l id e s  is  9° f o r  f l u o r i n e ;  the  o th e rs  a r e  8° and
4° f o r  c h l o r i n e  and bromine r e s p e c t i v e l y .  A ls o  the X H d is ta n c e s
in the 1- h a l o - 2 -pheny ln aph tha lenes  compare f a v o r a b l y  w i t h  the hydrogen  
bond d is ta n c e s  of  the hydrogen h a l id e s .  The da ta  i n d ic a t e s  t h a t  the
geometry of  the C"X H grouping in  the 1 - h a l o - 2 - p h e n y lnaphtha lenes
is near the id e a l  geometry f o r  the  f o r m a t io n  of  a s t rong  hydrogen-  
halogen a t t r a c t i o n .  The s t r e n g t h  o f  t h i s  a t t r a c t i o n  w i l l  t h e r e f o r e  
be near the maximum f o r  the  p a r t i a l  n e g a t iv e  charge on the  halogen  
and p a r t i a l  p o s i t i v e  charge on the  hydrogen.
One of  the im portan t  c o n t r i b u t i o n s  to  the  energy of  a hydrogen 
bond is a d i p o l e - d i p o l e  type of  i n t e r a c t i o n .  Th is  sytem would not 
be expected to  e x h i b i t  the  usual behav ior  of  a d i p o l e - d i p o l e  i n t e r ­
a c t i o n ,  because the d ip o le s  a re  not randomly o r i e n t e d .  The e f f e c t i v e n e s s  
of  the  i n t e r a c t i o n  would be expected to  be g r e a t e r  a t  77“ K than i t  would 
be a t  25° C.
The room tem pera tu re  and 7 7 ° K a b s o rp t io n  sp e c t ra  o f  l - f l u o r o - 2 -  
pheny lnaphtha lene  in  3 “MP and 3~MPIP r e s p e c t i v e l y  a re  shown in  F ig u r e  11 
and the spe c tro s co p ic  d a ta  measured from these sp e c t ra  a r e  g iven in  
T ab le  V I .  The f lu o re s c e n c e  and phosphorescence emission spec tra  
measured in  3"MP a t  77"K a re  shown in F ig u r e  12 and the  emission  
f re q u e n c ie s  a re  g iven  in Tab le  V I I .
The 0 , 0  band o f  the ' *- 'A t r a n s i t i o n  in  1 - f  lu o r o -2 -p h e n y 1 -
naphthalene measured in  3“MP a t  7 7 ° K is observed a t  3 0 ,4 9 0  cm.  ^ and 
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FIGURE 11. Room Temperature and 77 °  K. A bsorp t ion  of  


















A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t s
o f  l - F l u o r o - 2 - P h e n y ln a p h t h a l e n e
25°C in  3-MP
Cm.  ^ c ( l i t e r / m o l e  cm.)
3 0 ,7 6 9  6 . 57x l 0 2
3 5 ,0 8 8  1. 14x10**
1+0,816 6 . 1+9x 10**
1+7 ,170  1+. 60x 10**
77° K in  3-MP IP
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FIGURE 12. 77°  K. F luores ce nc e and Phosphorescence of
1 - f I u o r o - 2 - p h e n y I naphtha Iene in 3 -m ethy Ipen tane
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TABLE V I I
E m is s io n  F r e q u e n c ie s  o f  l - F l u o r o - 2 - P h e n y l n a p h t h a l e n e
F luorescence
A Cm. * A  v
3320  3 0 ,1 2 0  0
3480 2 8 ,7 3 6  1384
3660 2 7 ,322  2798
3860 2 5 ,9 0 7  4213
Phosphorescence
A Cm. * A  v
4860 2 0 ,5 7 6  0
4950 2 0 ,2 0 2  374
5030 19,881  695
5230 19 ,120  1456
5650 17 ,699  2907
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measured under the same c o n d i t io n s .  The red s h i f t  is much less than  
the s h i f t  observed between n o n -p la n a r  and p l a n a r  2-p heny lna ph th a le ne  
(1770  cm. and in d ic a t e s  t h a t  1- f l u o r o - 2 -pheny ln a p h th a le n e  does not  
e x i s t  in  the p la n a r  c o n f i g u r a t i o n  in  the  e q u i l i b r i u m  ground s t a t e .  
However, the 0 , 0  band observed a t  3 0 ,120  cm. * in  the f lu o re s c e n c e  
em ission of  1- f l u o r o - 2 -pheny ln a p h th a le n e  is red s h i f t e d  on ly  370 cm. *
from t h a t  observed in  a b s o rp t io n .  In  terms of  the arguments presented
f o r  2 -p h en y ln a p h th a le n e  t h i s  i n d i c a t e s  t h a t  the e q u i l i b r i u m  ground 
s t a t e  of  1- f l u o r o - 2 -p h e n y ln a p h th a le n e ,  is  p l a n a r  or  very  n e a r ly  p la n a r .
The data  appear to  be in  d i r e c t  c o n f l i c t ,  but a re  i n t e r p r e t a b l e  
in  terms of  the i n d u c t iv e  e f f e c t  o f  the  f l u o r i n e  atom on the pi
e l e c t r o n s .  The i n d u c t iv e  e f f e c t  s t a b i l i z e s  th e  pi  c loud and f o r
n o n - a l t e r n a t e  molecules the s t a b i l i z a t i o n  d i f f e r s  between ground 
and e x c i t e d  s t a t e s .  I f  the s t a b i l i z a t i o n  is  g r e a t e r  f o r  the ground 
s t a t e  than f o r  the  e x c i t e d  s t a t e ,  a b lue  s h i f t  is  observed r e l a t i v e  
to  the case in  which the in d u c t iv e  e f f e c t  is  absent .  Blue s h i f t s  
o f  t h i s  type a r e  f r e q u e n t l y  observed f o r  n o n - a l t e r n a t e  hydro­
carbons.  ^  The r e d - s h i f t  o f  1 - f  lu o ro -2 -p h e n y  ln a p h th a le n e
r e l a t i v e  to  t h a t  o f  n o n -p lan ar  2 -p h en y ln a p h th a le n e  is  a t t r i b u t e d  to  
a p la n a r  c o n f i g u r a t i o n  o f  1- f l u o r o - 2 -p h e n y ln a p h th a le n e  f o r  the  
e q u i l i b r i u m  ground s t a t e  in  s o l u t i o n  a t  77°K. The b l u e - s h i f t
^ P .  A. P l a t t n e r  and E. H e ib r o n n e r ,  H e lv . Chim. A c t a . , _2_1, 1948,  
p. 804.
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P. A. P l a t t n e r ,  H e lv . Chim. A c t a . 2 4 , 1941, p. 283E.
6 2
P. A. P l a t t n e r  and E. H e i l b r o n n e r ,  H e lv . Chim. A c t a . 3 0 . 1947,
P- 910.
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r e l a t i v e  to  p la n a r  2 -phen y ln a p h th a le n e  is  a t t r i b u t e d  to  the in d u c t iv e  
e f f e c t  of  the f l u o r i n e  atom. I f  the  l a t t e r  presumption is c o r r e c t ,  
the 'L^ *- 'A t r a n s i t i o n  observed f o r  l - c h lo r o - 2 - p h e n y ln a p h t h a l e n e  
should be c o n s id e ra b ly  r e d - s h i f t e d  because o f  the decrease in  the  
i n d u c t iv e  e f f e c t .
Both the  a b s o rp t io n  spectrum and emission spectrum o f  1 - f l u o r o -  
2 -p h en y ln a p h th a le n e  show more s t r u c t u r e  than t h a t  observed in  the  
case o f  2 -p h e n y ln a p h th a le n e  or  2 ' -m e th y 1 -2 -p h e n y ln a p h th a le n e .  Th is  
increased s t r u c t u r e  i n d i c a t e s  t h a t  the  d i s t r i b u t i o n  o f  molecules  
over  the ang le  between r ings is a narrow d i s t r i b u t i o n  and t h a t  the  
phenyl and naphthyl  r in gs  a r e  more f i r m l y  a t ta c h e d .  A l though t h is  
data  is q u a l i t a t i v e ,  i t  is s t rong  ev idence  t h a t  a deeper minimum 
e x i s t s  in  the z e r o - p o i n t  energy curve in  the case o f  l - f l u o r o - 2 -  
pheny lnaphtha lene  and t h a t  t h i s  minimum corresponds to  the p la n a r  
conf ig u r a t io n .
There  a r e  some r a t h e r  d ram at ic  changes t h a t  occur  in  the  
‘ B^ •“ 'A t r a n s i t i o n  o f  1 - f l u o r o - 2 -p h e n y ln a p h th a le n e  as the temper­
a t u r e  is decreased from room tem pera tu re  to  77°K. There  is a 
s i g n i f i c a n t  in c re a s e  in  th e  v i b r a t i o n a l  s t r u c t u r e  in  the low 
tem pera tu re  spectrum j u s t  as in  the f i r s t  two t r a n s i t i o n s .  There  
is  a ls o  observed a r e d - s h i f t  and a narrowing of  the 'B^ *- 'A 
t r a n s i t i o n  a t  7 7 ° K compared t o  t h a t  a t  room tem pera ture .  The 
amount o f  r e d - s h i f t  cannot be determ ined  a c c u r a t e l y  because o f  the  
l a c k  of  v i b r a t i o n a l  s t r u c t u r e  a t  room tem pera ture .  The s p e c t r a l  
changes observed w i th  change in  tem pera ture  a r e  aga in  i n d i c a t i v e
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o f  a d i s t r i b u t i o n  o f  molecules over  the ang le  between r in g s .  The 
d i s t r i b u t i o n  is  a p p a r e n t ly  much narrower a t  77° K ,  a tem pera ture  a t  
which the h y d r o g e n - f l u o r i n e  a t t r a c t i v e  fo rces  become more impor tan t .  
These fo rces  would tend to  d i s t r i b u t e  a l a r g e r  f r a c t i o n  of  the  
molecules near the p l a n a r  c o n f i g u r a t i o n  in  the  e q u i l i b r i u m  ground 
s t a t e .  The p o s i t i o n  o f  the 'B^ 'A t r a n s i t i o n  in  l - f l u o r o - 2 -  
pheny lnaphtha lene  is  b l u e - s h i f t e d  by 310 cm. * compared w i t h  t h a t  
o f  2 -phen y ln aph tha lene .  I t  is d i f f i c u l t  to  r a t i o n a l i z e  such a s h i f t ;  
however,  t h is  may be due to  the  i n d u c t iv e  e f f e c t  o f  the  f l u o r i n e  atom.
The 'Cb •" 'A t r a n s i t i o n  in  the room tem pera tu re  spectrum o f
1- f l u o r o - 2-p h en y ln a p h th a le n e  occurs a t  e x a c t l y  the same frequency as 
t h a t  in 2-p h e n y ln a p h th a le n e  and in  a d d i t i o n  t h e r e  was e s s e n t i a l l y  no 
change or  changing from 25° C to  77° K.
The room tem pera tu re  and 7 7 °K a b s o rp t io n  sp e c t ra  o f  1 - c h l o r o -
2 -pheny lna ph th a le ne  in  3 “MP and 3~MPIP r e s p e c t i v e l y  a re  shown in  
F ig u r e  13 and the s p e c t ro s c o p ic  da ta  a r e  g iven  in  T ab le  V I M .  The 
f lu o re s c e n c e  and phosphorescence emissions in  3 “MP a t  7 7 °K a re  shown 
in  F ig u r e  1^ and the emission f re q u e n c ie s  a re  g iven  in  T a b le  IX.
The 0 , 0  band o f  the ' < -  'A t r a n s i t i o n  o f  1 - c h l o r o - 2 -pheny1-  
naphtha lene in  3~MPIP a t  77°K is  observed a t  29 , 760 cm. * and is  
r e d - s h i f t e d  1 ,250  cm. * r e l a t i v e  to  t h a t  of  2 -phen y ln a p h th e le n  and 
730 cm. * r e l a t i v e  t o  t h a t  o f  1 - f lu o r o - 2 -p h e n y lnaph tha lene .  The 
energy d i f f e r e n c e  between the 0 ,0  band measured in  a b s o rp t io n  and in  
f lu o re s c e n c e  emission is  350 cm. *. The m i r r o r  image r e l a t i o n s h i p  












FIGURE 13. Room Temperature and 77 °  K. Absorp t ion  of  

















TABLE V I I I
A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t s
o f  l - C h l o r o - 2 - P h e n y ln a p h t h a l e n e
2 5 ° C in 3-MP
Cm. * e ( l i t e r / m o l e  cm.)
30 ,303  3 -8 8 x 1 02
34 ,843  7. 93x103
4 1 ,1 5 2  4 . 26x 10**
4 3 ,4 7 8  3 .52x10^
4 5 ,871  3 . 91x 10**
7 7 °K in  3-MPIP
Cm.  ^
2 9 ,7 6 2  
31 ,153  
33 ,003  
3 4 ,3 6 4  
3 5 ,7 1 4  
37 ,106  
39,682  
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FIGURE 14. 77°  K. F luorescence  and Phosphorescence of
1 -ch I  o r o - 2 - p h e n y I naphtha Iene In 3 -m et hy Ipen tan e
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TABLE IX
E m is s io n  F r e q u e n c ie s  o f  l - C h l o r o - 2 - P h e n y l n a p h t h a l e n e
Fluorescence
A Cm. 1 A  v
3400 ' 2 9 ,4 1 2  0
3565 28,050  1360
3750 2 6 ,6 6 7  2745
3950 25 ,316  4096
Phosphorescence
A Cm. 1 A y
4910 2 0 ,3 6 7  0
5010 19 ,960  407
5280 18 ,939  1428
5710  17,513 2854
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s t a t e  and e q u i l i b r i u m  ground s t a t e  have e s s e n t i a l l y  the same c o n f ig u ­
r a t io n .  The e x c e p t i o n a l l y  l a r g e  r e d - s h i f t  r e l a t i v e  to  l - f l u o r o - 2 -  
pheny lnaphtha lene  (730  cm, supports  the i n t e r p r e t a t i o n  t h a t  an 
i n d u c t iv e  e f f e c t  a t  the  1- p o s i t i o n  in  2-ph e n y ln a p h th a le n e  r e s u l t s
in  a blue s h i f t  in  the 1 L. *- 'A t r a n s i t i o n .b
The f lu o re s c e n c e  emission spectrum o f  l - c h l o r o - 2 - p h e n y ln aph tha lene  
shows c o n s id e r a b le  s t r u c t u r e  and aga in  i n d ic a t e s  t h a t  the emission is 
from a narrow d i s t r i b u t i o n  o f  molecules about the  p la n a r  c o n f i g u r a t io n .  
The s t r u c t u r e  o f  the emission is  in  d i r e c t  c o n f l i c t  w i t h  the l a c k  of  
s t r u c t u r e  observed in  a b s o rp t io n .  Th is  d i f f e r e n c e  in  s t r u c t u r e  
between a b s o rp t io n  and emission has been f a i n t l y  observed in  the  
p r e v i o u s ly  d iscussed systems but the d i f f e r e n c e  is  m agn i f ied  in  t h is  
case. In  the case of  l - c h lo r o - 2 - p h e n y ln a p h t h a l e n e  the z e r o - p o i n t  
energy curve has a minimum corresponding to  the p la n a r  c o n f i g u r a t io n  
but the p o t e n t i a l  w e l l  is  very  s h a l lo w  and t h e r e f o r e  the  m o lecu la r  
d i s t r i b u t i o n  as a f u n c t io n  of  the  ang le  between the r ings  is  very  
broad. Comparison between the room tem pera tu re  a b s o rp t io n  o f  1 - c h l o r o -  
2 -p h en y ln a p h th a le n e  and t h a t  o f  1- f l u o r o - 2 -p h en y ln a p h th a le n e  shows th a t  
the 1- c h l o r o - 2 -p h e n y ln a p h th a le n e  spectrum is  much broader  ( e s p e c i a l l y  
in  the s e n s i t i v e  ' * “ 'A t r a n s i t i o n )  and has lower e x t i n c t i o n  c o e f ­
f i c i e n t s  f o r  a l l  the bands. T h is  l a c k  o f  s t r u c t u r e  is due to  the  
s u p e r p o s i t io n  o f  many c o n f i g u r a t i o n s  and the  observed decrease in  
e x t i n c t i o n  c o e f f i c i e n t s  is  due to  e f f e c t i v e  lower c o n c e n t ra t io n s  of  
each species .  Thus the  1 - f l u o r o  compound has a deeper p o t e n t i a l  w e l l ,  
which may be a t t r i b u t e d  t o  a g r e a t e r  a t t r a c t i o n  between the f l u o r i n e  and 
2 1-hyd rogen a tom.
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Comparison o f  the ' B^ *- 'A t r a n s i t i o n  o f  l - c h l o r o - 2 - p h e n y lnaph­
th a le n e  a t  room tem pera tu re  w i t h  t h a t  a t  77*K  aga in  rev e a ls  an increase  
in  s t r u c t u r e  and narrowing of  the t r a n s i t i o n  a t  low tem perature .
S i m i l a r  changes were observed in  1 - f lu o r o - 2 -p h e n y ln a p h th a le n e  and 
were more pronounced than those observed in  the case o f  the 1- c h l o r o  
compound. T h is  aga in  i n d ic a t e s  t h a t  a d i s t r i b u t i o n  over  many c o n f ig u ­
r a t i o n  a t  room tem pera tu re  has been narrowed a t  77° K in  a manner 
c o n s is te n t  w i t h  a Boltzmann d i s t r i b u t i o n .  Th is  too i n d ic a t e s  an 
a t t r a c t i o n  between the  c h l o r i n e  and 2 ' -h y d ro g e n  atoms. As in  the  
case of  1 - f l u o r o - 2 -p h e n y ln a p h th a le n e ,  the 1B^ «- 'A t r a n s i t i o n  o f
1 - c h l o r o - 2 -pheny ln a p h th a le n e  a t  77°K  is  observed to  b l u e - s h i f t  
480 cm. * compared w i t h  t h a t  o f  2-phen y ln a p h th a le n e .
The 'C^ 'A t r a n s i t i o n  in  l - c h l o r o - 2 - p h e n y ln a p h th a le n e  is  
es t im a ted  to  occur a t  4 5 ,8 7 0  cm. * ( r e d - s h i f t e d  1300 cm. * over  th a t  
o f  2 -p h en y ln ap h th a len e )  a t  room tem pera tu re  and a ls o  a t  7 7 °K. This  
f requency  is  somewhat u n c e r t a i n  because th e re  is  severe  o v e r la p  of  
the  broad 'B^ •- 'A t r a n s i t i o n  a t  room tem pera ture  and poor r e s o l u t io n  
in  the 77° K spectrum.
The room tem pera ture  and 77°K a b s o rp t io n  sp e c tra  o f  1-bromo-
2 -ph en y ln ap h th a len e  in  3 _MP and 3"MPIP r e s p e c t i v e l y  a re  shown in  
F ig u r e  15 and the  s p e c t ro s c o p ic  da ta  a r e  given in  T a b le  X. The 
f lu o re s c e n c e  and phosphorescence emissions o f  s o l u t i o n  in 3 “MP a t  
77°K a r e  shown in  F ig u r e  16 and the  emission f re q u e n c ie s  a re  given  












FIGURE 15. Room Temperature and 77 °  K. Ab so rp t ion  of  

















A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t s
o f  l - B r o m o - 2 - P h e n y ln a p h t h a l e n e
25°C in  3-MP
Cm. c { l i t e r / m o l e  cm.)
34 ,843  7. 90x 103
4 1 ,3 2 2  3 . 75x 10**
4 3 ,8 6 0  4.35x?0**
4 5 ,0 4 5  4.45x10**
77° K in  3-MP IP
Cm.  ^
2 9 ,6 7 4  
31 ,153  
33 ,003  
3 4 ,2 4 6  
3 5 ,5 2 4  
3 6 ,765  
39 ,683  























F Iu ores c  ence
E x c i t e d  a t  285  mu 




E x c i t e d  by AH- 6  
S l i t -  0 . 1 4  mm
_L I ■■ I
500650
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FIGURE 16 . 77 °  K. F luorescence  and Phosphorescence of  
l - b r o m o - 2 - p h e n y I naphtha Iene in 3 -m e thy Ip e n ta ne
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TABLE XI
Phosphorescence Frequencies of  l -B ro m o -2 -Ph eny lnaph tha lene
Cm. -1





The 0 , 0  band o f  the 1 *- 'A t r a n s i t i o n  of  l -b ro m o -2 -p h e n y lnaph-  
th a len e  in 3- MPIP a t  77°K is  observed a t  2 9 ,6 7 0  cm. * and is  red -  
s h i f t e d  13^0  cm.  ^ r e l a t i v e  to  th a t  o f  2 -p h eny lnaph th a lene  and 90 cm. * 
r e l a t i v e  to  th a t  o f  l - c h lo r o - 2 - p h e n y ln a p h t h a l e n e .  Th is  s h i f t  r e l a t i v e  
to  l - c h l o r o - 2 -pheny ln ap h th a len e  aga in  supports  the  i n t e r p r e t a t i o n  th a t  
an i n d u c t iv e  e f f e c t  a t  the 1- p o s i t i o n  in  2 -phen y ln a p h th a le n e  r e s u l t s  
in a b lue  s h i f t  in  the  1 *- 'A t r a n s i t i o n .  T h is  same r e d - s h i f t  a ls o  
tends to  i n d i c a t e  t h a t  the z e r o - p o i n t  energy curve f o r  the e q u i l i b r i u m  
ground s t a t e  of  l -b r o m o -2 -pheny ln a p h th a le n e  has a sha l low  minimum 
corresponding to  the p la n a r  c o n f i g u r a t io n .  Because o f  the  ex t rem ely  
low f lu o re s c e n c e  i n t e n s i t y  i t  is im poss ib le  to  determ ine  whether  or  
not a m i r r o r  image r e l a t i o n s h i p  e x i s t s  between the a b s o rp t io n  and 
emission sp e c t ra  o f  l -b ro m o -2 -p h e n y ln a p h th a le n e .  Comparison o f  the  
rqom tem pera ture  a b s o rp t io n  of  l -b r o m o - 2-p h e n y ln a p h th a le n e  and t h a t  
of l - c h l o r o - 2-p h e n y ln ap h th a len e  shows t h a t  the l -b r o m o -2-p h e n y Inaph-  
t h a le n e  spectrum is  much broader  e s p e c i a l l y  in  the region o f  the  
1B. *- 'A t r a n s i t i o n  and t h e r e  is  a decrease in  e x t i n c t i o n  c o e f f i c i e n t s
D
f o r  a l l  bands. Again  t h i s  loss o f  s t r u c t u r e  must be due to  the  
s u p e r p o s i t io n  of  the a bs orp t ions  o f  many c o n f i g u r a t io n s .
As in  the case of  the corresponding 1-chloro'  d e r i v a t i v e  t h e r e  is  
some in c re a s e  in  s t r u c t u r e  in  the  1 B, *” 'A t r a n s i t i o n  o f  l -b r o m o - 2 -
D
pheny lnaphtha lene  and a s i g n i f i c a n t  narrowing o f  the band when the  
tem pera tu re  is decreased from room tem pera tu re  to  77°K. Th is  o b s e r ­
v a t i o n  lends a d d i t i o n a l  support  to  the i n t e r p r e t a t i o n  t h a t  the room 
tem pera ture  a b s o rp t io n  spectrum is  a s u p e r p o s i t io n  o f  the  a b s o rp t io n
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of  a d i s t r i b u t i o n  o f  many c o n f i g u r a t io n s .  There  is  aga in  evidence  
in  the case o f  l -b r o m o - 2 -phen y ln a p h th a le n e  t h a t  the d i s t r i b u t i o n  is  
narrowed a t  77°K in  agreement w i t h  a Boltzmann d i s t r i b u t i o n .  Th is  
i n d ic a t e s  t h a t  th e re  is  some a t t r a c t i v e  f o r c e  between the bromine  
and 2 ' -hydrogen atoms.
The f requency o f  the 'B^ *" 'A t r a n s i t i o n  o f  l -b ro m o -2 -p h en y1 -  
nap'h^halene a t  77°K is  e x a c t l y  the same as th a t  of  l - c h l o r o - 2 - p h e n y 1 -  
naphtha lene (39.6JBO cm. ^).  Th is  represents  a 480 cm.  ^ b l u e - s h i f t  
r e l a t i v e  to 2 -phen y ln aph tha lene .  The 'C^ •- 'A t r a n s i t i o n  in the  room 
tem pera ture  spectrum o f  l -b r o m o -2 -pheny ln a p h th a le n e  cannot be a c c u r a t e ly  
lo ca ted  because t h i s  t r a n s i t i o n  and the broad 'B^ *" 'A t r a n s i t i o n  o v e r la p .  
The f requency o f  the  'Cb <- 'A t r a n s i t i o n  a t  77°K is  4 6 ,0 8 0  cm. *.
There  a r e  s e v e ra l  exp er im en ta l  o b s e rv a t io n s  in  the l - h a l o - 2 -  
pheny1 naphthalenes t h a t  lead to  the conc lus ion  t h a t  the  geometr ic  
c o n f i g u r a t i o n  o f  the e q u i l i b r i u m  ground s t a t e  a t  77°K  is  e i t h e r  
p la n a r  or  ve ry  n e a r ly  so and a t  room tem pera tu re  the e q u i l i b r i u m  
ground s t a t e  co n s is ts  o f  a d i s t r i b u t i o n  of  c o n f i g u r a t io n s  about the  
ang le  between th e  r in g  p lanes .  Some o f  these ob s e rv a t io n s  are:
(a)  S u b s t i t u t i o n  o f  a halogen in the l - p o s i t i o n  o f  2 -ph en y ln ap h th a len e
has l i t t l e  or  no e f f e c t  on the f requency  o f  the  'L *- 'A t r a n s i t i o n  butd
n o t i c i b l y  r e d - s h i f t s  th e  1 l_b •- 'A t r a n s i t i o n .
(b) The e x t i n c t i o n  c o e f f i c i e n t s  of  the  maxima in  the 'L *~ lA ' a
t r a n s i t i o n s  o f  th e  1-h a lo n ap h th a len e s  have been observed to  
63 J. Ferguson,  J.. Chem. Soc. , (1954) , p. 305.
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in c re a s e  c o n t in u o u s ly  through the  halogen s e r ie s  F ,  Cl and Br but in  
the  l - h a l o - 2 -pheny ln aph tha lenes  th e r e  is a decrease in  the  e x t i n c t i o n  
c o e f f i c i e n t  o f  a l l  the bands a t  room tem pera tu re  through the same 
s e r ie s .
(c )  The e n e rg ie s  o f  the 0 , 0  bands o f  a b s o rp t io n  and emission a re  
much c lo s e r  to g e th e r  in  t h i s  s e r ie s  o f  compounds than a r e  those of
2 -p h eny lna ph th a le ne .
(d) The bond angles and d is ta n c e s  a r e  about id e a l  f o r  the fo rm a t ion  
of  a hydrogen bond between the  1-ha logen  and the 2 ' -hydrogen i f  the  
tem pera ture  is s u f f i c i e n t l y  low and s u f f i c i e n t  charges e x i s t  on the  
halogen and hydrogen atoms.
(e) There  is  an unu su a l ly  l a r g e  in c re a s e  in  band s t r u c t u r e  in  the  
1- h a l o - 2 -pheny ln aph tha lenes  as the  tem pera ture  is  lowered from room 
tem p era tu re  to  77°K. There  is  a ls o  observed an a p p r e c ia b le  red s h i f t  
and narrowing o f  the ' *“ 'A t r a n s i t i o n  w i t h  decrease in  temperature .  
T h is  is i n d i c a t i v e  of  a narrowing o f  the  d i s t r i b u t i o n  o f  molecules  
about the a n g le  between r ings  as the tem pera tu re  decreases.
There  has been observed in  2 ' - m e t h y l - 2 - p h e n y l n a p h t h a l e n e , 1- 
c h l o r o - 2 -p h e n y ln a p h th a le n e  and 1-brom o-2 -pheny ln a p h th a le n e  a t r a n s i t i o n  
in  the 2300 A. reg ion  o f  the  room tem pera ture  a b s o rp t io n  spectrum t h a t  
e s s e n t i a l l y  d isappears  a t  77°K. There  is a ls o  observed a s i g n i f i c a n t  
r e d - s h i f t  in  the  ' B^ *- 'A t r a n s i t i o n  a t  low tem pera ture .  In  the  
d is c u s s io n  of  the  l - h a l o - 2 -p h eny lnaph th a lenes  the t r a n s i t i o n  in  the
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2300 A. reg ion  has been considered  to  be simply a broadening o f  the  
'B^ •- 'A t r a n s i t i o n  due to  Boltzmann an g u la r  d i s t r i b u t i o n  of  the  
molecules.  Th is  assignment can be j u s t i f i e d  by co n s id e r in g  the  
con s is ten cy  of  such a d i s t r i b u t i o n  a t  room tem pera tu re  and how i t  
should change as the  tem pera ture  is decreased to  77“ K. The p r e d ic t e d  
shape o f  the 'B^ •“ 'A t r a n s i t i o n s  as a f u n c t io n  o f  tem pera ture  is  
shown in  F ig u r e  17. At  a l l  tem peratures  shown the  1B  ^ 'A 
t r a n s i t i o n  observed may be considered a sum o f  the ' B^ *- 'A 
t r a n s i t i o n s  o f  molecules w i t h  many d i f f e r e n t  an g u la r  c o n f i g u r a t i o n s ,  
however,  as the tem p era tu re  decreases fewer  and fewer  o f  these  
c o n f i g u r a t io n s  can be s u b s t a n t i a l l y  popu la ted .  The upper l i m i t  o f  
the  d i s t r i b u t i o n  has been set  a t  a p p ro x im ate ly  2300 A. ( 4 3 ,4 8 0  cm. *)  
corresponding t o  a m olecule  w i t h  the phenyl r in g  a t  90° o u t - o f - p l a n e .  
T h is  t r a n s i t i o n  should occur a t  a p p ro x im a te ly  the  same frequency as 
t h a t  o f  a 2 - a l k y l  s u b s t i t u t e d  naphthalene.  The lower l i m i t  has been 
set  a t  a p p ro x im a te ly  2500 A. ( 4 0 ,0 0 0  cm. correspond ing  to  the 7 7 °K
frequency  of  the 'B^ *“ 'A t r a n s i t i o n  of  1 - f 1 u o ro -2 -p h e n y l n a p h t h a l e n e , 
which is  b e l ie v e d  to be p la n a r .  When the tem pera ture  is s u f f i c i e n t l y  
high so t h a t  the system is  c l a s s i c a l l y  e x c i t e d ,  th e r e  should e x i s t  a l l  
t r a n s i t i o n s  between these two l i m i t s .  The combinat ion  o f  a l l  such 
t r a n s i t i o n s  a t  room tem pera tu re  g ives  the appearance o f  a broad 
1B^ *- 'A and th e  h igh energy ( o u t - o f - p l a n e )  p o r t i o n  o f  spectrum 
combined w i t h  the low energy edge o f  the  ’ C^ t r a n s i t i o n  in the  
l - h a l o - 2 -p h en y lnaph tha lenes  g ives  the appearance o f  a new t r a n s i t i o n  
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FIGURE 17. D i s t r i b u t i o n  of  — A T ra n s i t io n s  For 1-Ha I o -2 -Pheny I naphtha Ienes
As a Function of  Temperature
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sha l low  minimum in the room tem pera tu re  z e r o - p o i n t  energy curve a t  the 90® 
ang le  t h a t  would cause an i n t e n s i f i c a t i o n  of the t r a n s i t i o n  c o r r e s ­
ponding to  the out  of  p lane  c o n f i g u r a t io n .  There  is not s u f f i c i e n t  
e xp e r im e n ta l  ev idence to  j u s t i f y  such a conc lus ion  in  the  case of  the
1- h a l o - 2 -pheny lnaph th a lenes .
I t  should be noted t h a t  a 'B^ *- 'A t r a n s i t i o n  corresponding to  
an o u t - o f - p l a n e  c o n f i g u r a t i o n  is not observed in  1- f 1U oro -2 -pheny1-  
naphtha lene  a t  room temperature .  T h is  o b s e r v a t io n  prov ides  a d d i t i o n a l  
evidence t h a t  the minimum in  the z e r o - p o i n t  energy curve corresponding  
to  the p la n a r  c o n f i g u r a t i o n  is deeper  f o r  1- f l u o r o - 2 -pheny ln aph tha lene  
than f o r  the  o t h e r  l - h a l o - 2 - p h e n y ln aph tha lenes .  A p p a re n t ly  a temper­
a t u r e  h ig h e r  than room tem pera ture  is  necessary  to  a p p r e c ia b ly  p op u la te  
those c o n f i g u r a t io n s  w i t h  ene rg ies  h ig h er  than the ones near  the p la n a r  
conf i g u r a t  ion.
Exper im enta l  ev idence  has been presented  which i n d ic a t e s  t h a t  
the minimum in the z e r o - p o i n t  energy curve f o r  the  l - h a l o - 2 - p h e n y l -  
naphthalenes a t  77°K corresponds to  a near p la n a r  c o n f i g u r a t io n .  At  
the  77° K tem pera tu re  on ly  the c o n f i g u r a t io n s  near  t h i s  p o t e n t i a l  
minimum can be a p p r e c ia b ly  popu la ted .  Under these c o n d i t io n s  the  
'B^ *“ 'A t r a n s i t i o n  has the narrow appearance o f  e s s e n t i a l l y  a s i n g l e  
p la n a r  c o n f i g u r a t i o n  as shown in  F ig u r e  17 f o r  the 77°K case. At  
some tem pera ture  i n t e r m e d ia t e  between room tem pera tu re  and 77° K. 
t h e r e  should be some p o p u la t io n  of  th e  o u t - o f - p l a n e  c o n f i g u r a t io n s  
but less than a t  room tem pera ture .  One would expect  a d i s t r i b u t i o n  
s i m i l a r  to  t h a t  shown f o r  200°K ( F ig u r e  17) under these c o n d i t io n s .
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The ang u la r  d i s t r i b u t i o n  e x p la n a t io n  presented  is  c o n s is te n t  
w i t h  the  a v a i l a b l e  exp er im enta l  d a ta  f o r  the  l - h a l o - 2 -pheny lnaph-  
th a le n e s ,  however,  more e x p er im en ta l  o b s e rv a t io n s  need to  be c a r r i e d  
out on changes in  i n t e n s i t y  o f  the 1 B^ 'A t r a n s i t i o n s  as the  
tem pera ture  is  v a r i e d  from above room tem pera tu re  to  77° K to  
determ ine  whether or not the i n t e n s i t y  changes correspond to a 
Boltzmann d i s t r i b u t i o n .
E. Spectra  o f  the  2 1-H a lo -2 -P h e n y ln a p h th a le n e s  and V - H a l o - 2 -
Pheny1 naphthalenes
In the 2 1- h a l o - 2 - p h e n y lnaphtha lenes  the geometry o f  the H X-C
group f o r  the  p la n a r  c o n f i g u r a t i o n  should be very  s i m i l a r  to  t h a t  o f  
the l -h a lo - 2 - p h e n y ln a p h t h a le n e s .  There  a r e ,  however,  two n o n - e q u i l -  
v a l e n t  p la n a r  c o n f i g u r a t i o n ;  one w i th  the halogen a d ja c e n t  to  the
1-hydrogen and the o th e r  w i t h  the halogen a d ja c e n t  to  the  3 "hydrogen  
o f  the  naphtha lene r in g .  Any a t te m p t  to  e s t a b l i s h  which c o n f i g u r a t i o n  
is  the more s t a b l e  would be based upon presumptive  i n t e r p r e t a t i o n  o f  
da ta .  C o ns ider in g  the smal l  en e rg ies  in v o lv e d ,  the two p la n a r  c o n f i g ­
u r a t io n s  probably  have n e a r ly  equal  z e r o - p o i n t  en erg ies .  In  a d d i t i o n  
the z e r o - p o i n t  energy curves o f  the  l - h a l o - 2 -pheny lnaph tha lenes  and 
those o f  the 2 1- h a l o - 2-p h en y ln a p h th a le n e  should be ve ry  s i m i l a r  
because the  resonance s t a b i l i z a t i o n ,  charge rep u ls io n s  and charge  
a t t r a c t i o n s  should be e s s e n t i a l l y  the same between the two molecules.  
There a r e  i n d ic a t io n s  t h a t  the hydrogen-halogen a t t r a c t i o n  would be 
s l i g h t l y  less f o r  the 2 1- h a l o - 2 -p h e n y ln a p h th a le n e s ,  s ince  the charge
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on the halogen should be s l i g h t l y  less when i t  is  a t ta c h e d  to  the  
phenyl r in g .  The a b s o rp t io n  and emission spectroscop/ o f  the 2 ' - h a l o -
2 -pheny lnaphtha lenes  does not con f i rm  the  c o n te n t io n  th a t  the  z e r o -  
p o in t  energy curves a re  s i m i l a r  and in  f a c t  i n d ic a t e s  the z e r o - p o i n t  
energy curves f o r  the 2 ' - h a l o  compounds a r e  very  d i f f e r e n t  from the
1 - h a lo -2 -p h e n y l  naphthalenes.
The V - h a l o - 2 - p h e n y lnaph tha lenes  were inc luded  in  o rd e r  to  study  
the  heavy atom e f f e c t  and the e f f e c t  o f  ex tend ing  c o n ju g a t io n  by a 
halogen in  the ^ ‘ - p o s i t i o n .
The room tem pera ture  and 7 7 ° K a b s o rp t io n  sp e c tra  of  2 l - f l u o r o -
2 -p h en y ln aph tha lene  in 3 _MP and 3~MPIP r e s p e c t i v e l y  a r e  shown in  
F ig u r e  18 and the corresponding s p e c t ro s c o p ic  da ta  a r e  g iven  in  
T a b le  X I I .  The f lu o re s c e n c e  and phosphorescence emissions in  3 - HP
a t  77°K a re  shown in F ig u r e  19 and the emission f re q u e n c ie s  are  g iven  
in Tab le  X I I I .
The a b s o rp t io n  spectrum o f  2 ' - f lu o r o - 2 - p h e n y ln a p h th a le n e  shows
c o n s id e r a b ly  less s t r u c t u r e  than t h a t  of  1 - f lu o r o - 2 -p h e n y lnaphtha lene .
T h is  i n d ic a t e s  t h a t  t h e r e  is a broad d i s t r i b u t i o n  o f  c o n f i g u r a t io n s
w i th  respect  to  the ang le  between r ings  f o r  the  former  compound
even a t  77°K. The 1L. *- 'A t r a n s i t i o n  is so weak and d i f f u s e  t h a tb
the f requency  of  the  0 , 0  band cannot be a c c u r a t e l y  measured, but is  
es t im a ted  to  be near 3 1 .0 0 0  cm. * in r i g i d  g lassy  3 “MPIP and is very  
near t h a t  of  2 -p h en y ln ap h th a len e  ( 3 1 ,0 1 0  cm. * ) .  In  the c r y s t a l  
a b s o rp t io n  spectrum a t  room tem pera tu re  no longer  wavelength bands 
were observed as they were in 2 -ph en y ln ap h th a len e .  However,  very
■  I____J-..— . t ■ ..« . 1---- I---- 1---- 1---- 1----1---- L
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FIGURE 18. Room Temperature and 77 °  K. Ab so rp t io n  of  















TABLE X I I
A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t s
o f  2 ‘ - F l u o r o - 2 - P h e n y l n a p h t h a l e n e
25 C in  3-MP
Cm.  ^ c ( l  i t e r / m o l e  cm.)
3 0 ,8 6 4  3 . 5 0 x l0 2
34 ,843  1.40x10**
4 1 ,4 8 6  6. 15x10**
4 7 ,1 7 0  4.85x10**
7 7 °K in 3-MPIP
Cm. ' l 
31,056  
33 ,333  
3 4 ,6 6 2  
36,036  
37 ,383  
39 ,841  
4 0 , 9 8 4  























E x c i t e d  a t  280 mu 
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FIGURE 19. 7 7 °  K. F luorescence and Phosphorescence of
2 * - f I u o r o - 2 - p h e n y I naphtha Iene in 3 -m ethy Ipen tane
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TABLE X I I I
E m is s io n  F r e q u e n c ie s  o f  2 1- F l u o r o - 2 - P h e n y l n a p h t h a l e n e
Fluorescence
A Cm.  ^ A  v
3325 3 0 ,0 7 5  0
3360 2 9 ,7 6 2  313
3510 28,1+90 1585
3675 27 ,211  2864
3885 2 5 ,9 4 0  4135
Phosphorescence
A Cm.  ^ A  v
4840 20 ,661  0
5200 19,231 1430
5610 17 ,825  2836
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low i n t e n s i t y  bands do appear a t  a p p ro x im a te ly  3420 A. ( 2 9 ,2 4 0  cm. 
in a s a tu r a te d  r i g i d  g lassy  s o l u t io n  and aga in  a re  very  near those o f  
c r y s t a l l i n e  2 -ph en y ln ap h th a len e  ( 2 9 ,2 4 0  cm. ^).  The data  i n d i c a t e  
th a t  2 1- f lu o r o - 2 -p h e n y ln ap h th a len e  is d i s t r i b u t e d  about a n o n -p lanar  
e q u i l i b r i u m  ground s t a t e  in r i g i d  g lassy  s o l u t io n  and t h a t  the  molecule  
is n o n -p la n a r  in  the  c r y s t a l  a t  room tem pera ture  but a t t a i n s  the  
p la n a r  c o n f i g u r a t i o n  in  the  c r y s t a l  grown near 77°K.
The 0 , 0  band o f  the  f lu o re s c e n c e  emission is  observed a t  
3 0 ,0 7 5  cm. very  near t h a t  of 1 - f lu o r o - 2 -p h e n y ln a p h th a le n e  
( 3 0 ,1 2 0  cm. ^) , but u n l i k e  1 - f lu o r o - 2 -p h e n y ln a p h th a le n e  the emission  
can not be from a p la n a r  species because the emission is  835 cm. * 
blue  s h i f t e d  from the p l a n a r  ab s o rp t io n .  The f lu o re s c e n c e  emission  
from 2 * - f luoro -2 -pheny1  naphtha lene is  a p p a r e n t ly  an emission from a 
no n -p la n a r  c o n f i g u r a t i o n .  P r e v io u s ly  th e  2 1-m e th y 1 -2 -p h e n y ln a p h th a le n e  
emission was assigned as a n o n -p lan ar  emission.  Comparisons between 
the f lu o re s c e n c e  emissions o f  2 ' - m e t h y l  and 2 ' - f l u o r o  and those of  the  
o t h e r  2 ' -p h eny lnaph th a lenes  shows t h a t  the  Franck-Condon band contour  
f o r  2 ‘ -m e thy l  and 2 ' - f lu o r o -2 -p h e n y ln a p h th a le n e  a re  ve ry  s i m i l a r  ( the  
0 , 0  band is  less in te n s e  than the  0 ,1  band) but d i f f e r  s i g n i f i c a n t l y  
from the band contour  of  the  emissions ass igned to  the  p la n a r  c o n f i g ­
u r a t i o n  ( th e  0 , 0  band has the  same o r  g r e a t e r  i n t e n s i t y  than t h a t  of  
the 0 ,1  band and a normal p rogress io n  f o l l o w s ) .  The case of  1 - f l u o r o -  
2 -p h en y ln ap h th a len e  is an e x c e p t io n ,  however,  In a d d i t i o n ,  the band 
contour  a s s o c ia te d  w i t h  emissions from the  n o n -p la n a r  c o n f i g u r a t io n  
are  s i m i l a r  to  those o f  2 - a l k y l  naphthalenes.  These d i f f e r e n c e s  in
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band shape s t r o n g ly  support  the  c o n te n t io n  t h a t  the geometry o f  the  
e q u i l i b r i u m  e x c i t e d  s t a t e  of  2 1- f lu o ro -2 -p h e n y ln a p h th a le n e  is non-  
p la n a r .
The v i b r a t i o n a l  f re q u e n c ie s  o f  the e x c i t e d  s t a t e  could not be
determined because of  l a c k  o f  s t r u c t u r e  in  the ' L, 'A t r a n s i t i o n .o
I t  i s ,  t h e r e f o r e ,  im poss ib le  to  compare v i b r a t i o n a l  f re q u e n c ie s  o f  
the ground and e x c i t e d  s t a t e s  o f  2 1- f lu o r o - 2 -p h e n y lnaph tha lene .
The room tem pera tu re  and 7 7 ° K a b s o rp t io n  sp e c t ra  of  2 ' - c h l o r o -  
2 -p h e n y ln a p h th a le n e  in  3”MP and 3~MPIP r e s p e c t i v e l y  a re  shown in  
F ig u r e  20 and the  corresponding s p e c t r a l  da ta  is  g iven  in  T a b le  XIV.  
The f lu o re s c e n c e  and phosphorescence emission sp e c t ra  measured in  
3~MP a t  77°K a re  shown in  F ig u r e  21 and the corresponding emission  
f re q u e n c ie s  a r e  g iven  in  T ab le  XV.
In  the a b s o r p t io n  spectrum of  2 ' - c h l o r o - 2 - p h e n y l n a p h t h a l e n e  
the  1 •- ‘A t r a n s i t i o n  is  very  weak and d i f f u s e  s i m i l a r  to  t h a t  
observed f o r  2 ' -m ethy l  and 2 ' - f lu o r o - 2 -p h e n y ln a p h th a le n e .  The 0 , 0  
band of  the f lu o re s c e n c e  is  s h i f t e d  on ly  310 cm. * f rom the 0 , 0  
band of  the f i r s t  a b s o rp t io n  t r a n s i t i o n .  These data  in d ic a t e s  
t h a t  the e q u i l i b r i u m  ground s t a t e  is  n o n -p la n a r  and t h a t  the e q u i l i b ­
rium e x c i t e d  s t a t e  has a very  s i m i l a r  c o n f i g u r a t i o n .  The v i b r a t i o n a l  
f requency  in  the ground s t a t e  (1380 cm. *) compared to  1030 cm. * 
in  the e x c i t e d  s t a t e  is  f u r t h e r  i n d i c a t i o n  t h a t  the  geometry o f  the  
ground s t a t e  is  s i m i l a r  to  t h a t  in  the  e x c i t e d  s t a t e .
In the room tem pera tu re  a b s o rp t io n  spectrum t h e r e  is  ev idence  















FIGURE 20 .  Room Temperature and 77 °  K. A bsorp t ion  of  



















A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t s
o f  2 1- C h l o r o - 2 - P h e n y ln a p h t h a l e n e
2 5 ° C in  3-MP
Cm.  ^ e ( l i t e r / m o l e  cm.)
3 0 ,7 6 9  4. 8 0 x l 0 2
3 4 ,7 2 2  1. 14x10**
3 9 ,683  4.88x10**
4 5 ,4 5 5  3-72x10**
4 6 ,0 8 3  3.84x10**




3 3 .0 5 8  
3 4 ,3 6 4  
3 5 ,7 1 4  
3 7 ,0 3 7  
39 ,063  
40 ,161  
4 5 ,4 5 5























F Iu o r  escence
E x c i t e d  a t  280 mu 
S l i t -  0 . 6 3  mm
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E x c i t e d  a t  280 mu 
S i f t -  2 . 4  mm





FIGURE 21 .  77 °  K. F luoresce nc e and Phosphorescence of  
2 * - c h I o r o - 2 - p h e n y I naphtha Iene in 3 -m ethy Ipen tane
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TABLE XV
E m is s io n  F r e q u e n c ie s  o f  2 1- C h l o r o - 2 - P h e n y l n a p h t h a l e n e
F luorescence
A Cm. * A  v
3355 2 9 ,8 0 6  0
3520 28,1+09 1397
2700 2 7 ,0 2 7  2779
3900 25 ,641  1+165
Phosphorescence
A Cm. * A v
1+900 20,1+08 0
5255 19 ,029  1379
5670 17 ,637  2771
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'B^ •" 'A t r a n s i t i o n .  T h is  e f f e c t  was observed and discussed f o r  the  
case o f  l -b ro m o -2 -p h e n y ln a p h th a le n e  and was a t t r i b u t e d  to  a broadening  
of the 'B^ 'A t r a n s i t i o n .  U n l i k e  the case o f  l -b rom o-2 -phen y1 -  
naphtha lene  the t r a n s i t i o n ,  which is near 2200 A. in  t h i s  case,  does 
not d isap p ear  a t  77°K but can s t i l l  be observed as a shoulder  on the  
'C^ *” 'A t r a n s i t i o n .  I f  t h i s  band a t  2200 A. is  i n t e r p r e t e d  to  be 
the  'B^ 'A t r a n s i t i o n  f o r  the naphtha lene  subsystem f o r  the 90° 
( o u t - o f - p l a n e )  c o n f i g u r a t i o n ,  th e re  must be a minimum in  the z e r o -  
p o in t  energy curve a t  90 degrees.  Thus, a t  77°K the  d i s t r i b u t i o n  
of molecules w i th  respect  to  the ang le  between r ings  would show a 
minimum a t  90 degrees and a minimum a t  a s m a l le r  ang le  presumably  
c lo se  to  but not  equal  to  z e ro  degrees.  The z e r o - p o i n t  energy a t  
the  sm a l le r  ang le  must be lower than t h a t  a t  90 degrees s ince  r e l a t i v e  
i n t e n s i t i e s  i n d i c a t e  t h a t  th e re  is  a h igher  p o p u la t io n  o f  molecules  
in the lower ang le  c o n f i g u r a t i o n .  Th is  is  discussed more f u l l y  under  
2 1-b ro m o -2 -p h e n y ln a p h th a le n e ,  in  which the e f f e c t  is more pronounced.
The room tem pera ture  and 77° K a b s o rp t io n  spec tra  o f  2 ' -b ro m o -  
2 -p h e n y ln a p h th a le n e  in  3 “MP and 3"MPIP r e s p e c t i v e l y  a re  shown in  
F ig u r e  22 and the corresponding s p e c t r a l  da ta  is  g iven in Tab le  XVI.
The f lu o re s c e n c e  and phosphorescence spec tra  measured in 3 “MP a t  77° K 
a r e  shown in F ig u r e  23 and the corresponding phosphorescence f re q u e n c ie s  
a r e  g iven  in T a b le  X V I I .  Due to  the ex t rem e ly  low i n t e n s i t y  o f  the  
f lu o re s c e n c e  emission i t  was im possib le  to  a c c u r a t e ly  determ ine  














FIGURE 22 .  Room Temperature and 77 °  K. Abso rp t ion  of  



















A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t s
o f  2 1-B ro m o -2 - P h e n y ln a p h t h a l e n e
25°C in  3-MP
Cm. * c ( l i t e r / m o l e  cm.)
32 ,000  4 . 0 x l 0 2
35 ,971  7- 9 6 x l 0 3
4 1 ,3 2 2  3.56x10**
4 4 ,843  5.20x10**
77°K in  3-MPIP
Cm.  ^
3 1 ,056  
3 1 ,5 4 6  
3 2 ,4 6 7  
3 4 ,1 3 0  
35 ,461  
3 6 ,7 6 5  
3 8 ,0 9 5  
4 0 ,0 0 0  
4 1 ,1 5 2
4 4 .1 7 0


























E x c i t e d  a t  280 mu 
S l i t -  3 . 0  mm
350 320
Phosphorescence
E x c i t e d  a t  280 mu 
S l i t -  0 . 4 4  mm
x XX X X X X XX
600
■ ■L I J, ± *
550 500
Wavelength mu
FIGURE 23 .  7 7 °  K. F luorescence and Phosphorescence of  
2 * - b r o m o - 2 - p h e n y I naphtha I ene In 3-methy I pentane
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TABLE XVII
Phosphorescence Frequencies  o f  2 1-Bromo-2-Phenyln ap h th a len e
Cm. -1
1+865 2 0 ,5 5 5
4975 20,100 455
5225 19 ,139 1416
5640 17,730 2825
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The a b s o rp t io n  spec tra  of  2 ' -b ro m o -2 -p h e n y ln a p h th a le n e  show very  
s i g n i f i c a n t  d i f f e r e n c e s  when compared w i th  those o f  the p rev ious  2 ' -  
ha lo  d e r i v a t i v e s .  The f i r s t  th r e e  e l e c t r o n i c  t r a n s i t i o n s  in  the low 
tem pera ture  spectrum are  b l u e - s h i f t e d  a p p ro x im a te ly  1000 cm. * 
compared w i t h  those of  the 2 ' - c h l o r o - d e r i v a t i v e  and the 1 *- 'A 
t r a n s i t i o n ,  a l though  s t i l l  very  weak shows c o n s id e ra b le  s t r u c t u r e .
In  the room tem pera ture  spectrum the 'C^ *- 'A region is co n s id e ra b ly  
more in tense  than the 1 B^ *- 'A t r a n s i t i o n ,  which has l o s t  c o n s id e ra b le  
i n t e n s i t y ,  and a t  low tem pera ture  the 'C^ •- 'A appears as two t r a n s i t i o n s .  
The e f f e c t  is the same as t h a t  observed in the case of  the  2 ' - c h l o r o  
compound but i t  is  much more pronounced. Again  these da ta  i n d ic a t e  
t h a t  two minima e x i s t  in  the z e r o - p o i n t  energy curve and both are  
populated  a t  77°K. The enhancement of  the t r a n s i t i o n  a t  4 4 ,1 7 0  cm. * 
( p r e v i o u s l y  assigned to  be the 1 *- 'A of  the  90 degree c o n f i g u r a t io n )  
in d ic a t e s  th a t  the two minima have n e a r ly  equal  e n e r g ie s ,  but  the  
i n t e n s i t y  of  the 'B^ *“ 'A t r a n s i t i o n  f o r  the  in te r m e d ia t e  ang le  c o n f i g ­
u r a t i o n  i n d ic a t e s  t h a t  the in te r m e d ia t e  ang le  c o n f i g u r a t i o n  is s t i l l  
the  more h ig h ly  popula ted .  The b lue  s h i f t  r e l a t i v e  to  the p o s i t i o n  
of  the 2 1- c h l o r o - 2 - p h e n y ln a p h th a le n e  i n d ic a t e s  th a t  the minimum in the  
z e r o - p o i n t  energy curve corresponding to  the in te r m e d ia t e  ang le  c o n f i g ­
u r a t io n  occurs a t  a l a r g e r  ang le  f o r  2 1-b rom o-2 -ph eny lnaphtha lene .
The s t rong  evidence t h a t  two predominant c o n f i g u r a t io n s  e x i s t  
a t  low tem pera ture  i n d ic a t e s  t h a t  two f lu o re scen c es  could p o s s ib ly  
be observed a t  low tem perature .  U n f o r t u n a t e l y  the  heavy atom e f f e c t  
produces such a h igh r a t e  o f  in te rs ys tem  c ross ing  th a t  the f lu o re s c e n c e
I l l
emission is  ex t rem e ly  weak and could not be reso lved  w i th  the Cary  
inst rument .  Th is  predominate heavy atom e f f e c t  a ls o  supports  the  
i n t e r p r e t a t i o n  t h a t  the 2 ' - h a l o  compounds a re  n on -p lanar  and is 
discussed in  s e c t io n  G.
The minimum a t  90 degrees in  the z e r o - p o i n t  energy curve is  not  
d i f f i c u l t  to understand.  The hydrogen-hydrogen i n t e r a c t i o n  energy  
is  very  small  and p o s i t i v e  a t  90 degrees;  the hydrogen-halogen i n t e r ­
a c t io n  energy is very  smal l  and probably  n e g a t iv e  a t  90 degrees;  the  
resonance s t a b i l i z a t i o n  energy is  ze ro  a t  90 degrees. Thus these  
th re e  terms add to  e s s e n t i a l l y  ze ro  energy a t  90 degrees.  I f  th e r e  
is  any i n t e r a c t i o n  which has a s t a b i l i z i n g  e f f e c t  a t  90 degrees,  then  
th e re  should be a minimum in the z e r o - p o i n t  energy curve a t  t h a t  
ang le .  At  the 90 degree c o n f i g u r a t i o n  the  halogens of  the  1 - h a l o -  
2 -phen y ln aph tha lenes  o v e r la p  the pi  cloud o f  the phenyl ring,; the  
hydrogens o f  the methyl  group o f  2 1-m ethy1-2 -p h e n y ln a p h th a le n e  o v e r la p  
the pi  c loud o f  the naphtha lene r in g  and the halogens of  the  2 ' - h a l o -  
2 -p h en y ln aph tha lenes  o v e r la p  the pi  cloud of the  naphtha lene r in g .
Thus f o r  the  halogens a charge resonance i n t e r a c t i o n  must be present  
and f o r  the methyl  group a hydrogen-p i  cloud a t t r a c t i o n  must e x i s t .
A l l  of these 90 degree i n t e r a c t i o n s  must be smal l  in  magnitude.
The s p e c t ro s c o p ic  data  i n d i c a t e  t h a t  the hydrogen-halogen  
a t t r a c t i o n  is g r e a t e r  f o r  the 1 -h a lo  d e r i v a t i v e s  than f o r  the  2 ’ -  
ha lo  d e r i v a t i v e s  but  t h a t  the h a lo g e n -p i  c loud charge resonance  
i n t e r a c t i o n  is g r e a t e r  f o r  the 2 ' - h a l o  d e r i v a t i v e s  in  which the  
halogen is i n t e r a c t i n g  w i t h  the naphtha lene r in g .  Both o f  these
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o b s erva t io n s  a re  c o n s is te n t  w i t h  the g r e a t e r  p o l a r i z a b i 1i t y  ass oc ia te d  
w i t h  the naphthalene r in g .  In  a d d i t io n  the spe c tros cop ic  data  i n d ic a t e  
t h a t  the  charge resonance i n t e r a c t i o n  increases  in  the o r d e r ;  f l u o r i n e ,  
c h l o r i n e ,  bromine.
The room tem pera ture  and 77*K a b s o rp t io n  spec tra  o f  V - c h l o r o -
2 -ph en y ln ap h th a len e  in  3~MP and 3 “MPIP r e s p e c t i v e l y  are  shown in 
F ig u r e  2k and the corresponding  s p e c t r a l  da ta  is g iven  in T a b le  X V I I I .  
The f lu o re s c e n c e  and phosphorescence spec tra  of  4 ' - c h l o r o - 2 - p h e n y 1 -  
naphtha lene measured a t  77“ K in 3_MP is  shown in  F ig u re  25 and the  
emission f re q u e n c ie s  a re  g iven  in  Tab le  XIX.
In the room tem pera ture  a b s o rp t io n  spectrum of  k 1- c h lo r o -2 -p h e n y 1 -  
naphtha lene  the 1 •- 'A t r a n s i t i o n  is hidden by the more in te nse  
'L •- 'A t r a n s i t i o n .  At high c o n c e n t ra t io n s  th e re  is  ev idence f o r
3
an a b s o rp t io n  near 3 0 ,8 0 0  cm. which is  i n t e r p r e t e d  to  be the
1L, *“ 'A t r a n s i t i o n .  The 'L *- 'A, 1B. *- 'A and 'C, •“ 'A t r a n s i t i o n s  b a b b
a r e  e s s e n t i a l l y  the same as those observed in  2 -phen y ln aph tha lene .
There  is no ev idence f o r  a 90 degree c o n f i g u r a t i o n  in  the 1 *“ 'A 
t r a n s i t i o n  and t h i s  r e s u l t  is  c o n s is te n t  w i t h  the  i n t e r p r e t a t i o n  t h a t  
o n ly  2 1- s u b s t i t u t i o n  can p ro v id e  the s t a b i l i z a t i o n  re q u i re d  to  popula te  
the  90 degree c o n f i g u r a t io n s .  At  low tem pera tu re  and high concen­
t r a t i o n  the 'l_k *- 'A t r a n s i t i o n  red s h i f t s  (1560 cm. *) to  2 9 ,240  cm. 
Since no a b s o r p t io n  was observed in t h i s  reg ion a t  room tem p era tu re ,  
t h i s  a b s o rp t io n  cannot correspond to  a s t a b l e  c o n f i g u r a t i o n  f o r  the  
m olecule  in  s o lu t io n .  I t  is p robab le  t h a t  the f i r s t  weak ab s o rp t io n  












FIGURE 24 .  Room Temperature and 77 °  K. Ab so rp t io n  of  

















TABLE X V I I I
A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t
o f  4 ' - C h l o r o - 2 - P h e n y l n a p h t h a l e n e
2 5 ° C in  3-MP
Cm. * e ( l i t e r / m o l e  cm.)
3 0 ,7 6 9  6 . 4 0 x l 0 2
3 4 ,7 2 2  1.46x10**
3 9 ,2 1 6  5.28x10**
4 6 , 5 1 2  4.24x10**
77° K in  3-MP IP
Cm. -1  
2 9 ,2 4 0  
30 ,303  
3 1 ,3 4 8  
33 ,113  
3 4 ,3 6 4  
35 ,651  
3 6 ,9 0 0  
3 8 ,5 3 6  
39 ,683  
























E x c i t e d  a t  280 mu 
S l i t -  0 . 6 0  mm
X U X X X X XX XX X X X .X
350 300
Phosphorescence
E x c i t e d  a t  280 mu 
S i f t -  1.1 mm
XX X X1 X x.X X X X X JLX X X
600
Wavelength mu
FIGURE 25 .  7 7 °  K. F luor escence  and Phosphorescence pf  
4 * - c h I  o r o - 2 - p h e n y I naphtha Iene In 3 -m et hy Ipen tan e
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TABLE XIX
E m is s io n  F r e q u e n c ie s  o f  4 1- C h l o r o - 2 - P h e n y l n a p h t h a l e n e
Fluorescence
A Cm. 1 A  v
3420 2 9 ,2 4 0  0
3570 28 ,011  1229
3730 26,810  2430
3905 2 5 ,6 0 8  3632
Phosphorescence
A Cm. 1 A  v
4930 2 0 ,2 8 4  0
5275 18 ,957  1327
5670 17 ,637  2647
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in  which the molecules a re  p la n a r .  Judging from the observed tem perature  
s h i f t s  of  the more in te n se  bands, the 0 , 0  band f o r  the  predominate c o n f i g ­
u r a t io n  o f  the  molecule  in  s o l u t io n  should be near 3 0 ,4 0 0  cm. Thus
the predomonant c o n f i g u r a t i o n  a t  low tem pera ture  is i n t e r p r e t e d  to  be 
n o n -p la n a r  as was t h a t  of  2 -phen y ln aph tha lene .
The 0 , 0  band of  the f lu o re s c e n c e  emission is  observed a t  2 9 ,240  
cm. * and corresponds to  the 0 , 0  band a t t r i b u t e d  to  the c r y s t a l .  The 
i n d i c a t i o n  i s ,  t h e r e f o r e ,  t h a t  the e q u i l i b r i u m  e x c i t e d  s t a t e  molecule  
has a p la n a r  c o n f i g u r a t i o n .
The room tem pera tu re  and 7 7 ° K a b s o rp t io n  sp e c t ra  o f  4 ' -b ro m o -
2 -ph en y ln ap h th a len e  in  3"MP and 3"MPIP r e s p e c t i v e l y  a re  shown in  
F ig u r e  26 and the corresponding s p e c t r a l  data  a re  g iven  in T a b le  XX.
The f lu o re s c e n c e  and phosphorescence emission sp e c t ra  measured in
3 - MP a t  77°K a re  shown in  F ig u r e  27 and the  emission f re q u e n c ie s  are  
given in T a b le  XXI.
The a b s o rp t io n  spectrum o f  4 1-b ro m o -2 -p h en y ln ap h th a len e  is s i m i l a r  
to  t h a t  of  4 ' - c h l o r o - 2 - p h e n y lnaph th a len e .  The 1L *” 'A, 1 •“ 'A 
and 'C^ *- 'A t r a n s i t i o n s  a r e  r e d - s h i f t e d  110 cm. 150 cm. * and 
0 cm. * r e s p e c t i v e l y  from those of 4 ' - c h lo r o - 2 - p h e n y ln a p h t h a l e n e .
I f  the  1 Lj_^ 'A t r a n s i t i o n  of  4 '  - c h l o r o -2 -p h e n y  ln ap h th a len e  had been 
i n t e r p r e t e d  t o  be a t  2 9 ,2 4 0  cm. then the  ' •- 'A t r a n s i t i o n  o f
the 4 '  -b rom o-2 -ph eny lnaph tha lene  would be b l u e - s h i f t e d  340 cm.  ^ from 
t h i s  t r a n s i t i o n .  Th is  is  in c o n s is t e n t  w i t h  the predominant red -  
s h i f t s  observed f o r  the o th e r  t r a n s i t i o n s  and is  f u r t h e r  ev idence t h a t  
the longest  wavelength  a b s o rp t io n  observed in  the case o f  the  4 ' - c h l o r o  













FIGURE 26 .  Room Temperature and 77°  K. Ab so rp t io n  of  

















A b s o r p t i o n  F r e q u e n c ie s  end E x t i n c t i o n  C o e f f i c i e n t s
o f  4 ’ - B r o m o - 2 - P h e n y ln a p h th a le n e
2 5 ° C in  3-MP
Cm. * c ( l i t e r / m o l e  cm.)
3 0 ,9 6 0  7 . 2 0 x l0 2
34,7?? 1.49x10**
3 9 ,2 1 6  5 . 12x10**
4 6 ,5 1 2  3.92x10**
77° K in 3-MP1P
Cm. *
29 ,586  
30 ,675  
33 ,003  
3 4 ,3 0 5  
35,651  
3 6 ,9 6 9  
3 8 ,3 8 8  
39 ,526  
























E x c i t e d  at  280 mu 
S l i t -  2 . 2 5  mm
4004 5 0 300
Phosphorescence
E x c i t e d  a t  230 mu 
S l i t -  0 . 9 0  mm
450
Wavelength mu
FIGURE 27.  77°  K. F luore sce nc e and Phosphorescence of  
4 , -bromo -2 -pheny I  naphtha Iene in 3 -m et hy Ipen tane
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TABLE XXI
E m is s io n  F r e q u e n c ie s  o f  4 ' - B r o m o - 2 - P h e n y ln a p h t h a l e n e
Fluorescence
A Cm. 1 A  V
3430 2 9 ,1 5 5  0
3560 2 8 ,0 9 0  1065
3700 2 7 ,0 2 7  2128
3850 2 5 ,9 7 4  3181
Phosphorescence
A Cm. * A  v
4950 2 0 ,2 0 2  0
5280 18 ,939  1263
5660 17 ,668  2534
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The 0 , 0  band of  the  f lu o re s c e n c e  of  h ' -bromo-2-phenylnaph.'  halene  
is  s l i g h t l y  r e d - s h i f t e d  (90 cm. *)  from t h a t  o f  V - c h l o r o - 2 - p h e n y 1 -  
naphthalene.  Th is  o b s e r v a t io n  is  c o n s is te n t  w i t h  an i n t e r p r e t a t i o n  
t h a t  the  e q u i l i b r i u m  e x c i t e d  s t a t e  o f  *+ '-b rom o-2 -pheny lnaph tha lene  
has a p l a n a r  c o n f i g u r a t io n .  The o b s e r v a t io n  t h a t  the  0 , 0  band of  
f lu o re s c e n c e  is  r e d - s h i f t e d  o n ly  *+30 cm. * from the 0 , 0  band of  
a b s o r p t io n  i n d ic a t e s  t h a t  the d i f f e r e n c e  in  p l a n a r i t y  between the  
e q u i l i b r i u m  ground s t a t e  and e q u i l i b r i u m  e x c i t e d  s t a t e  is  not as 
g re a t  in  the case o f  *t ' -b ro m o -2 -p h e n y ln a p h th a le n e  as i t  i s  in  t h a t  
of  2 -p h en y ln aph tha lene .  T h is  o b s e r v a t io n  in d ic a t e s  t h a t  halogen  
s u b s t i t u t i o n  in  the *+'- p o s i t i o n  may inc rease  the  resonance i n t e r ­
a c t i o n  between the two a ro m at ic  r ings .  The s l i g h t l y  h ig h er  v i b r a ­
t i o n a l  f requency  of  the e x c i t e d  s t a t e  (1090  cm. *)  compared to  t h a t  
of the ground s t a t e  (1060 cm. * )  is  an i n d i c a t i o n  t h a t  some d i f f e r e n c e s  
in  geometry do e x i s t  between the  two s t a t e s .
F. Spectra  of  6 -Brom o-2 -Phen y ln aph tha lene
The study of  6 -b ro m o -2 -p h en y ln ap h th a len e  was c a r r i e d  out p r i m a r i l y  
to  de te rm ine  the s p i n - o r b i t a l  c o u p l ing  e f f e c t  o f  bromine in  the 6 -  
p o s i t i o n .  The sp e c t ra  a re  presented  f o r  comparison w i t h  those o f  the  
o th e r  2 -p h en y ln a p h th a le n e  d e r i v a t i v e s .
The room tem pera tu re  and 77°K a b s o rp t io n  sp e c t ra  of  6 -b rom o-2 -  
pheny lnaphtha lene  in  3 “MP and 3 ”MPIP r e s p e c t i v e l y  a r e  shown in  F ig u re  
28 and the corresponding s p e c t r a l  d a ta  a r e  g iven  in  T ab le  X X I I .  The 
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FIGURE 2S. Room Temperature and 7 7 °  K. A bsorp t ion  of  

















A b s o r p t i o n  F r e q u e n c ie s  and E x t i n c t i o n  C o e f f i c i e n t s
o f  6 - B r o m o - 2 - P h e n y ln a p h th a le n e
2 5 ° C in  3 "HP
Cm. * e ( l i t e r / m o l e  cm.)
3 0 ,1 2 0  4 . 50x l 0 2
3 4 ,483  1.47x10**
/l
3 9 ,683  6 .10x1 0
4 5 ,8 7 2  3-47x10**
7 7 °K in  3-MPIP
Cm.  ^ A  v
2 9 ,9 8 5  0
3 1 ,2 9 9  1314
3 2 ,8 9 5  0
3 4 ,1 8 8  1293
35 ,461  2566
3 6 ,7 6 5  3870
38 ,835  0
4 0 , 0 0 0  1165
4 6 , 9 4 8  0
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7 7 °K a re  shown in  F ig u r e  29 and the  corresponding emission f re q u e n c ie s  
are  given in  T ab le  X X I I I .
The 7 7 * K a b s o r p t io n  spectrum of  6 -b rom o-2 -p heny lnap h tha len e  is 
very  much l i k e  t h a t  o f  2 -ph en y ln ap h th a len e  except  f o r  some r e d - s h i f t s  
due to  e x ten s io n  o f  co n ju g a t io n  by the bromine atom. The 1 *- 'A,
'L  *- 'A and ' B. *- 'A t r a n s i t i o n s  a r e  r e d - s h i f t e d  1020 cm. 320 cm. *d D
and 380 cm. * r e s p e c t i v e l y  compared w i t h  those o f  2 -phen y ln aph tha lenes .  
There is no evidence f o r  a 90 degree c o n f i g u r a t i o n  in  6 -b rom o-2 -p heny1-  
naphtha lene.
The 0 , 0  band o f  the f lu o re s c e n c e  spectrum a t  2 9 .3 7 0  cm. * is red -  
s h i f t e d  620 cm. * from the  0 , 0  band o f  a b s o rp t io n  a t  29 ,990  cm.
Th is  i n d ic a t e s  an a p p r e c ia b le  d i f f e r e n c e  in  the p l a n a r i t y  o f  the  
e q u i l i b r i u m  ground s t a t e  and the e q u i l i b r i u m  e x c i t e d  s t a t e  o f  6 -bromo-  
2 -p hen y ln pphtha lene .  S ince the f lu o re s c e n c e  f re q u e n c ie s  a re  in  approx­
im a te ly  t h e  reg ion  expected f o r  emission from a p la n a r  e x c i t e d  s t a t e  
and the Franck-Condon band contour  resembles t h a t  of  2 -phen y ln aph -  
t h a l e n e ,  i t  i s  concluded t h a t ,  l i k e  2 -p h e n y ln a p h th a le n e ,  6 -b ro m o -2 -  
pheny lnaphtha lene  has a n o n -p la n a r  e q u i l i b r i u m  ground s t a t e  and a 
p la n a r  e q u i l i b r i u m  e x c i t e d  s t a t e .  Due to  the s m a l le r  d i f f e r e n c e  
between 0 , 0  bands o f  f lu o re s c e n c e  and a b s o r p t io n  (620 cm. compared 
w i t h  t h a t  o f  2 -p h e n y ln a p h th a le n e  (1770 cm. * ) ,  i t  may be concluded  
t h a t  6 -b rom o-2 -p heny lnap h tha len es  has a s l i g h t l y  s m a l le r  ang le  in  
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FIGURE 29 .  77 °  K. F luorescence  and Phosphorescence of  
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G. S p e c t r a  o f  1 . 2 - B e n z f l u o r e n e
I f  the ideas presented  in  s e c t io n  D on the l - h a lo - 2 - p h e n y ln a p h -
tha lenes  have any v a l i d i t y ,  t h e r e  should be s i m i l a r i t i e s  between the
s p e c t r a l  f re q u e n c ie s  of  these compounds and 1 , 2 - b e n z f lu o r e n e .  1 , 2 -
b e n z f lu o r e n e  may be considered to  be a 2 -p h en y ln a p h th a le n e  held
r i g i d l y  in  p lane  by a methylene b r id g e .  1 , 2 -b e n z f lu o r e n e  would be
expected to  have the  more e x t e n s iv e  v i b r a t i o n a l  s t r u c t u r e ,  t h a t  has
64been g e n e r a l l y  observed by Jones in the  case o f  compounds of  t h i s  
type.
The room tem pera ture  and 7 7 ° K a b s o r p t io n  sp e c t ra  of  1 , 2 - b e n z -  
f l u o r e n e  in  3~MP and 3"MPIP r e s p e c t i v e l y  a re  shown in  F ig u r e  30  
and the 77°K a b s o rp t io n  f re q u e n c ie s  a r e  g iven  in  T a b le  XXIV. The 
f lu o re s c e n c e  and phosphorescence s p e c t ra  of  1 , 2 - b e n z f lu o r e n e  in  
3"MP a t  77“ K a r e  shown in F ig u r e  31 and the  correspond ing  emission  
f re q u e n c ie s  a re  g iven  in  T ab le  XXV.
In  a l l  p r o b a b i l i t y  the f i r s t  a b s o r p t io n  band a t  2 9 ,1 1 0  cm. * 
in  the  77"K a b s o rp t io n  spectrum o f  1 , 2 -b e n z f lu o r e n e  is  not the  0 , 0  
band. There  is  a p e r f e c t  match o f  the  f requency  of  the second 
a b s o r p t io n  band a t  2 9 ,4 5 0  cm. * w i t h  t h a t  o f  the  0 , 0  band of  
f lu o re s c e n c e .  S ince the  i n t e n s i t y  o f  the  f i r s t  a b s o r p t io n  band 
decreased w i t h  d ecreas ing  tem p era tu re ,  i t  is  concluded t h a t  the  
f i r s t  band may be a hot band and t h a t  the  second band in  the  
a b s o r p t io n  spectrum is  the  0 , 0  band. More e x t e n s iv e  tem pera tu re
64
R. N. Jones, J .  Am. Chem. Soc. , 62 ,  1945,  p. 2131.
350  3 0 0  25 0  20 0
W a v e l e n g t h  mu
FIGURE 3 0 .  Room T e m p e r a t u r e  and 7 7 °  K. A b s o r p t i o n  o f
1 , 2 - b e n z f I u o r e n e  In  H y d r o c a r b o n
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TABLE XXIV
7 7 °K A b s o r p t i o n  F r e q u e n c ie s  o f  1 , 2 - B e n z f l u o r e n e
A Cm. " l A  v
3*0 5 2 9 ,112 0
3395 29 ,455 ■ 343
3355 29 ,806 694
3315 3 0 ,1 6 6 1054
3275 3 0 ,5 3 4 1422
3235 30 ,912 1800
3185 3 1 ,3 9 7 0
3115 32 ,103 706
3050 3 2 ,7 8 7 1390
2385 33 ,501 2104
2930 3 4 ,1 3 0 2733
2870 34 ,843 3446
2635 37 ,951 0
2590 3 8 ,6 1 0 659
2545 39 ,293 1342
2500 4 0 ,0 0 0 2049













F I u o r  es ce n ce
E x c i t e d  a t  2 8 0  mu 
S l i t -  0 . 1 2  mm
"_30 0400 350
P h o s p h o r e s c e n c e
E x c i t e d  a t  28 0  mu 
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W a v e l e n g t h  mu
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FIGURE 3 1 .  7 7 °  K.  F l u o r e s c e n c e  and P h o s p h o r e s c e n c e  o f



















E m is s io n  F r e q u e n c ie s  o f  1 , 2 - B e n z f l u o r e n e
Fluorescence  
Cm. _1
29 ,455  
29 ,070  
28 ,531  
2 8 ,3 2 9  
2 7 ,9 7 2  














s t u d ie s  need t o  be performed to  d e f i n i t e l y  ass ign  the f i r s t  band 
as a hot band. There  is a good m i r r o r  image r e l a t i o n s h i p  between  
a b s o rp t io n  and f lu o re s c e n c e  o f  1 ,2 -b e n z f lu o r e n e .  I t  is in d ic a t e d ,  
t h e r e f o r e ,  t h a t  the  ground s t a t e  and e x c i t e d  s t a t e  geometr ies  a re  
s i m i l a r .  I t  is  assumed t h a t  both s t a t e s  correspond to  a p la n a r  
conf i g u r a t  ion.
There  is  a g r e a t  dea l  of  s i m i l a r i t y  between the a b s o rp t io n  
and emission f re q u e n c ie s  o f  1 ,2 - b e n z f lu o r e n e  and those o f  the 1-  
h a lo -2 -p h e n y ln a p h th a le n e s .  Except f o r  th e  a d d i t i o n a l  v i b r a t i o n a l  
s t r u c t u r e  in  the  1 , 2 - b e n z f lu o r e n e  s p e c t r a ,  the gen era l  appearance  
of  a l l  the  sp e c t ra  a re  s i m i l a r .  The f re q u e n c ie s  o f  the 0 , 0  bands 
of  a b s o r p t io n  and em iss ion of 1 , 2 - b e n z f lu o r e n e  and the l - h a l o - 2 -  
pheny lnaphtha lenes  a re  g iven  in  T ab le  XXVI f o r  comparison.
TABLE XXVI
Comparison o f  0 ,0 -Bands o f  1 ,2 -B e n z f lu o r e n e  
and l - H a lo - 2 - P h e n y ln a p h t h a le n e s
Compound
Absorp^t ion  
0 , 0  Band (A)
F luorescence
0 . 0  Band (A)
1 , 2 - b e n z f lu o r e n e 3395 3395
1 - f l u o r o - 2 - p h e n y ln a p h th a le n e  3280 3320
l - c h l o r o - 2 - p h e n y ln a p h th a le n e  3380 3400
l -b ro m o -2 -p h e n y ln a p h th a le n e  3370
mThe f re q u e n c ie s  o f  a l l  the  0 , 0  bands a r e  very  c lo s e  to  one another .  
Some v a r i a t i o n s  must be expected because o f  i n d u c t iv e  e f f e c t s  of  
halogen s u b s t i t u t i o n .  There  is  a l s o  the p o s s i b i l i t y  o f  increased  
resonance i n t e r a c t i o n  through the  methylene l in k a g e  o f  1 , 2 - b e n z -  
f lu o r e n e  compared w i t h  t h a t  o f  the  l -h a lo - 2 - p h e n y ln a p h t h a le n e s .
Th is  comparison is  not c o n c lu s iv e  evidence t h a t  the 1- h a lo -2 -p h e n y 1 -  
naphthalenes a re  p la n a r  in  the e q u i l i b r i u m  ground s t a t e ,  however,  
i t  does i n d i c a t e  t h a t  the  amount of  r e d - s h i f t  observed in  the 1 - h a l o -  
2 -phen y ln aph tha lenes  is  c o n s is te n t  w i t h  an amount t o  be expected i f  
the e x p e r im e n ta l  ev idence is  i n t e r p r e t e d  to  i n d i c a t e  t h a t  t h e r e  is  
a p la n a r  or  n e a r - p l a n a r  ground s t a t e  c o n f i g u r a t i o n .
H. S p i n - O r b i t a l  Coupl ing and the  T r i p l e t  S t a t e  o f  2 -P heny lnaph tha lene
D e r i v a t i v e s
The p rev ious  d iscus s io ns  concern ing geometr ies  o f  th e  ground and 
e x c i t e d  s t a t e s  have g iven  no i n s i g h t  a t  a l l  i n t o  the  p l a n a r i t y  o f  the  
molecules in  the t r i p l e t  s t a t e .  The same arguments presented  f o r  the  
s i n g l e t  s t a t e  cahnot be used f o r  the  t r i p l e t  s t a t e  w i th o u t  f i r s t  
measuring good s i n g l e t - t r i p l e t  a b s o r p t io n  sp e c tra .  S i n g l e t - t r i p l e t  
a b s o rp t io n  s p e c t ra  a re  very  d i f f i c u l t  to  o b t a in  because o f  the  f o r ­
bidden n a tu re  o f  the s i n g l e t - t r i p l e t  t r a n s i t i o n s .  Because o f  t h i s  
d i f f i c u l t y  a d i f f e r e n t  approach i s  employed. T h is  approach invo lves  
the  comparison o f  s p i n - o r b i t a l  co u p l in g  e f f e c t s  from halogen s u b s t i ­
t u t i o n  a t  d i f f e r e n t  p o s i t io n s  on the 2 -p h e n y ln a p h th a le n e  molecule .
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The phosphorescence spec tra  of  a l l  the compounds s tu d ied  were 
measured in r i g i d  g lassy  3 - MP a t  7 7 ° K. These sp e c t ra  a re  shown w i th  
the corresponding f lu o re s c e n c e  sp e c t ra  f o r  convenience. Tab le  XXVII  
gives  the lowest  t r i p l e t  s t a t e  energy l e v e l s  and the v i b r a t i o n a l  
f re q u e n c ie s  observed in the phosphorescence spec tra .  The f re q u e n c ie s  
of the 2 -h a lo n ap h th a len es  a re  inc luded f o r  comparison.
There is  observed very  l i t t l e  v a r i a t i o n  in the lowest t r i p l e t  
s t a t e  energy l e v e l s  f o r  the  compounds l i s t e d  in Tab le  X X V I I .  The 
lowest  t r i p l e t  l e v e l  o f  2 1-m ethy1- 2 -p h e n y ln a p h th a le n e  ( 2 0 ,9 0 0  cm. * )  
is b lue  s h i f t e d  360 cm.  ^ from th a t  of  2 -p h en y ln ap h th a len e  (2 0 ,5 3 0  
cm. ^).  The b l u e - s h i f t  is  i n t e r p r e t e d  to  be the  r e s u l t  of  d i f f e r e n t  
t r i p l e t  s t a t e  geometr ies  o f  the  two compounds. 2 ' -m e th y 1 -2 -p h e n y l -  
naphtha lene would be expected to  be n o n -p la n a r  in  the t r i p l e t  s t a t e ,  
as was found f o r  the  e x c i t e d  s i n g l e t  s t a t e .  A t  l e a s t  th e r e  is  no 
evidence to  i n d i c a t e  t h a t  i t  is p la n a r  in the  t r i p l e t  s t a t e .  The 
t r i p l e t  l e v e l s  o f  k ' - c h l o r o - 2 - p h e n y ln a p h t h a l e n e , h 1-brom o-2 -pheny1-  
naphtha lene and 6 -b ro m o -2 -p h e n y ln a p h th a le n e  a r e  a l l  somewhat lower  
than those o f  the  o th e r  compounds. Th is  can be a t t r i b u t e d  to  e x te n s io n  
of  c o n ju g a t io n  by halogen s u b s t i t u t i o n .
The normal t rend  of  d ec re as in g  v i b r a t i o n a l  f requency  w i t h  
in c r e a s in g  mass o f  a s u b s t i t u e n t  is  observed in  the  l - h a l o - 2 - p h e n y l -  
naphthalene s e r ie s .  The same d ecreas ing  t rend  is  observed in the  
r e s u l t s  from the f l u o r o  and c h lo r o  2 ' - h a l o  d e r i v a t i v e s ,  but th e r e  is  
an abrupt  in c re a s e  in  emission f requency  and in  v i b r a t i o n a l  f requency  
in the case o f  2 ' - b r o m o - 2 - p h e n y l naphtha lene.  Th is  d i s c o n t i n u i t y  in
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TABLE XXVII
Lowest T r i p l e t  S t a t e  Energy Levels  and V i b r a t i o n a l  
Frequencies  of  Naphthalene D e r i v a t i v e s
Frequency of_^ V i b r a t i o n a l _ ^
Compound 0 , 0  Band(Cm. ) Frequency(Cm. )
naphtha lene  2 1 ,2 9 9  1420
2 - f l u o r o n a p h t h a l e n e  2 1 ,322  1380
2 - c h lo r o n a p h th a le n e  2 1 ,0 9 7  1370
2-bromonaphthalene 2 1 ,0 9 7  1370
2 -p h en y ln ap h th a len e  2 0 ,5 3 4  1410
2 ' - m e t h y l - 2 - p h e n y l n a p h t h a le n e  2 0 ,8 9 9  1425
1 - f l u o r o - 2 - p h e n y ln a p h th a le n e  2 0 ,576  1450
l -c h lo r o - 2 - p h e n y ln a p h t h a l e n e  2 0 ,3 6 7  1425
l -b r o m o -2 -p h e n y ln a p h th a le n e  2 0 ,4 0 8  1400
2 ' - f lu o r o - 2 - p h e n y ln a p h th a le n e  20 ,661  1430
2 ' - c h i o r o - 2 - p h e n y ln a p h th a le n e  2 0 ,4 0 8  1380
2 1-b rom o-2 -ph eny ln a p h th a le n e  2 0 ,5 5 5  1410
4 ' - c h l o r o - 2 - p h e n y l n a p h t h a l e n e  2 0 ,2 8 4  1330
4 1-b rom o-2 -ph eny ln a p h th a le n e  2 0 ,2 0 2  1270
6 -b ro m o -2 -p h e n y ln a p h th a le n e  19,861 1280
1 , 2 - b e n z f lu o r e n e  2 0 ,080  1440
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t h i s  s e r ie s  probab ly  r e s u l t s  from a r a d i c a l  change in geometry o f  the  
t r i p l e t  s t a t e  molecule .
The phosphorescence l i f e t i m e  of  a molecule  is  a r e c i p r o c a l  o f
the  t o t a l  r a d i a t i v e  and n o n - r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y  from the
lowest  e x c i t e d  t r i p l e t  s t a t e  to  the  ground s t a t e .  The magnitude of
t h i s  t r a n s i t i o n  p r o b a b i l i t y  is  one measure of  the  s p i n - o r b i t a l  coupl ing
e f f e c t s  in  the molecule .  In  o rd er  f o r  a heavy atom s u b s t i t u e n t  to
have the same s p i n - o r b i t a l  c o u p l ing  e f f e c t  a t  d i f f e r e n t  p o s i t io n s  on a
*
m olecu le ,  the  e le c t r o n s  in f lu e n c e d  by the heavy atom must spend the  
same amount o f  t ime a t  the d i f f e r e n t  p o s i t io n s .  I f  the  naphtha lene  
subsystem is  the chromophore in  2 -p h e n y ln a p h th a le n e  then heavy-atom  
s u b s t i t u t i o n s  in  th e  phenyl r in g  should have l i t t l e  e f f e c t  on spin  
o r b i t a l  c o u p l ing  except  in  cases in which e x t e r n a l  heavy atom e f f e c t s  
or  v i b r a t i o n a l  p e r t u r b a t io n s  a re  p o s s ib le .  I f  the  e n t i r e  molecule  is  
considered  to  be the chromophore then heavy-atom s u b s t i t u t i o n  on the  
two r ings  should g iv e  some i n d i c a t i o n  o f  the r e l a t i v e  e l e c t r o n  d e n s i t i e s  
in  the two r in g s .  Norm al ly  the e l e c t r o n i c  d e n s i t i e s  o f  the 2 '  and V  
p o s i t io n s  of  2 -p h en y ln ap h th a len e  would be expected to  be i d e n t i c a l ,  
t h e r e f o r e ,  d i f f e r e n c e s  in s p i n - o r b i t a l  c o u p l ing  e f f e c t s  between these  
two p o s i t io n s  would be a measure o f  the d i f f e r e n c e  in  c o - p l a n a r i t y  
of  the  a ro m at ic  r in gs  when they a r e  s u b s t i t u t e d  in  these two d i f f e r e n t  
p o s i t io n s .  Phosphorescence l i f e t i m e s  then a re  not on ly  dependent on 
the heavy-atom s u b s t i t u e n t  but a ls o  on th e  p o s i t io n  of the  s u b s t i t u e n t  
and the geometry o f  the  molecule.
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Dependence o f  the  e x t e n t  o f  in te rs y s te m  c ross ing  is  not  as 
simple  as t h a t  of  phosphorescence l i f e t i m e s .  In te rs y s te m  cross ing  
a ls o  depends on s p i n - o r b i t a l  c o u p l ing  and hence is  a f f e c t e d  by the  
halogen s u b s t i t u e n t ,  p o s i t i o n  o f  the s u b s t i t u e n t  and geometry o f  the  
t r i p l e t  s t a t e ;  in  a d d i t i o n  i t  depends on the l i f e t i m e  o f  the  lowest  
e x c i t e d  s i n g l e t  s t a t e ,  and the geom etr ic  c o n f i g u r a t i o n  o f  the  molecule  
in  the e x c i t e d  s i n g l e t  s t a t e .  The r a t i o  o f  phosphorescence to  f l u o ­
rescence quantum y i e l d s  can be used as an i n d i c a t i o n  of  the  e x te n t  of  
in te rs ys tem  cross ing  b u t ,  because o f  the many v a r i a b l e s  th a t  c o n t r o l  
in te rs y s te m  c r o s s in g ,  i t  is  d i f f i c u l t  to  draw d e f i n i t e  conclus ions  
about the  exact  o r i g i n  o f  observed changes in  quantum y i e l d  r a t i o s .
Phosphorescence l i f e t i m e s  and quantum y i e l d s  f o r  both f l u o ­
rescence and phosphorescence were measured f o r  a l l  the  2 - p h e n y l ­
naphtha lene d e r i v a t i v e s .  The phosphorescence l i f e t i m e s  a r e  given  
in  T a b le  XXVI I I and the  quantum y i e l d s  a re  g iven  in T a b le  XXIX.
I t  i s  observed in  the  l i f e t i m e  da ta  g iven in T a b le  X X V I I I  t h a t  
th e  phenyl r in g  in  2 ' -m e th y 1 -2 -p h e n y ln a p h th a le n e  has a smal l  s p in -  
o r b i t a l  co u p l in g  e f f e c t  compared to  t h a t  o f  naphtha lene.  The e f f e c t  
is  even g r e a t e r  in  2 -p h e n y ln a p h th a le n e ,  i n d i c a t i n g  t h a t  th e r e  is  
probab ly  some d i f f e r e n c e  in  the  c o n f i g u r a t i o n s  of  the  two molecules  
in the t r i p l e t  s t a t e .  I t  can o n ly  be presumed t h a t  the d i f f e r e n c e  
in  sp in  o r b i t a l  c o u p l ing  r e f l e c t s  a d i f f e r e n c e  in p l a n a r i t y  between 
the  two systems. The v a lu e  of  f o r  2 ' -m e thy1- 2 - p h e n y 1 naphthalene
( . 0 7 2 )  is  h igher  than f o r  2 -p h en y ln a p h th a le n e  ( . 0 5 6 ) .  T h is  is  
d i f f i c u l t  to  r a t i o n a l i z e  on the bas is  o f  s p i n - o r b i t a l  coup l ing  a lone.
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TABLE X X V I11
Phosphorescence L i f e t i m e s  o f  2 -P he ny lnaph tha lene  D e r i v a t i v e s
Compound L i f e t i m e  ( s e c . ) " W V  1
naphtha lene 2. 5 0 . 4 0
2 -p h en y ln a p h th a le n e 1. 8 0. 56
1 - f l u o r o - 2 - p h e n y l  naphtha lene 1 .8 0. 56
1 - c h l o r o - 2 -p h e n y ln a p h th a le n e 0. 29 3 . 4
l -b r o m o -2 -p h e n y ln a p h th a le n e 0. 048 21
6 -b ro m o -2 -p h e n y ln a p h th a le n e 0. 52 1. 9
2 ' -methy 1 - 2 -ph e n y ln a p h th a le n e 2. 1 0. 48
1 , 2 -b e n z f lu o r e n e 2 . 8 0. 36
2 * - f l u o r o - 2 - p h e n y ln a p h th a le n e 2. 6 0. 38
2 ' - c h l o r o - 2 - p h e n y ln a p h th a le n e 2 .3 0. 43
2 ' -b r o m o -2 -p h e n y ln a p h th a le n e 0. 28 3 . 6
4 ' - c h l o r o - 2 - p h e n y ln a p h th a le n e 1. 7 0. 59
4 ' -b r o m o - 2 - p h e n y ln a p h th a le n e 0. 19 5* 3
140
TABLE XXIX
Phosphorescence and F luorescence  Quantum Y ie ld s  
f o r  2 -P he ny lnaph tha lene  D e r i v a t i v e s
Compound
naphtha lene
2 -ph en y ln ap h th a len e  
1- f 1 u o ro -2 -p h e n y ln a p h th a le n e  
l - c h l o r o - 2 - p h e n y ln a p h th a le n e
l -b ro m o -2 -p h e n y ln ap h th a len e  
6 -b ro m o -2 -p h en y ln ap h th a len e
1 , 2 -b e n z f lu o r e n e  
2 ' -m e t h y l - 2 - p h e n y l n a p h t h a le n e  
2 1- f l u o r o - 2 - p h e n y l naphtha lene  
2 ' - c h l o r o - 2 - p h e n y ln a p h th a le n e  
2 ' -b r o m o -2 - p h e n y ln ap h th a len e  
4 ' - c h l o r o - 2 -pheny l  naphtha lene  
4 ‘ -b rom o-2 -ph eny ln a p h th a le n e
% % V *
0 . 4 5 0 .011 0. 024
0. 34 0. 019 0 .056
0 . 3 9 0. 020 0. 051
0. 051 0. 049 0. 96
- 0 .  0013 0. 17 ~130
- 0 .  0058 0. 066 ~  11
0 .9 9 5 0. 0045 0. 0045
0. 25 0. 018 0 .0 7 2
0. 29 0. 025 0. 086
0. 28 0. 027 0. 096
~ 0 . 00055 0. 25 —450
0. 19 0. 059 0. 31
~0.  017 0. 11 ~6.  5
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The in c re a s e ,  i t  can be seen, is not  due to  an in c re a s e  in  but to  
a decrease in T h is  is  probab ly  due to  a change in  f lu o re s c e n c e
l i f e t i m e  o f  2 1-m e th y 1 -2 -p h e n y ln a p h th a le n e  compared w i th  th a t  o f  2 -  
pheny lnaphtha lene .  The v a lu e  of  in  t h i s  case g ives  l i t t l e
in fo r m a t io n  concerning the p l a n a r i t y  of  the  t r i p l e t  s t a t e  of  2 ' -  
m ethy1 - 2 -phen y ln aph tha lene .
The t rends  observed in the 1 - h a l o - 2 - p h e n y lnaph tha lenes  are  
e s s e n t i a l l y  those t h a t  were expected. There  is  the normal inc rease  
in  V - *  as the  l i f e t i m e s  decrease w i t h  in c r e a s in g  a tomic  number of  
the heavy-atom s u b s t i t u e n t .  The heavy-atom e f f e c t s  observed in  the  
phosphorescence o f  the 2 ' - h a l o  and 4 ' - h a l o  d e r i v a t i v e s  a re  less than  
those observed when the same s u b s t i t u e n t s  a re  in  the  l - p o s i t i o n .  The 
l i f e t i m e s  of  the  2 1- h a l o - 2 - p h e n y lnaph tha lenes  a r e  s u b s t a n t i a l l y  longer  
in  a l l  cases than those f o r  the corresponding  1 - h a lo  d e r i v a t i v e s ;  those  
of  the 4 ' - h a l o - 2 - p h e n y ln a ph tha lenes  a re  longer  than f o r  the 1 -h a lo  
d e r i v a t i v e s  but a re  s h o r t e r  than those o f  the  corresponding  2 ' - h a l o  
d e r i v a t i v e s .  The decrease in s p i n - o r b i t a l  c o u p l ing  w i t h  halogen  
s u b s t i t u t i o n  in  the phenyl r ing  compared to  t h a t  in the case o f  
s u b s t i t u t i o n  in  the  naphtha lene r in g  must be due t o  geometry changes 
t h a t  tend to  cancel  some o f  the e f f e c t  observed w i t h  1 -h a lo  s u b s t i ­
t u t i o n .  One i n t e r p r e t a t i o n  o f  t h i s  d i f f e r e n c e  is  t h a t  the phenyl  
r in g  is  s l i g h t l y  out o f  p lane  when t h e r e  is  2 '  and 4 1- s u b s t i t u t  ions  
and more n e a r ly  p la n a r  in  the case o f  1 -h a lo  s u b s t i t u t i o n ,  hence 
th e r e  is  less i n t e r a c t i o n  of  the two r ings  in the t r i p l e t  s t a t e  when 
t h e r e  is  2 ' -  and 4 ' - s u b s t i t u t i o n .  The f a c t  t h a t  the s p i n - o r b i t a l
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cou p l ing  e f f e c t  is  g r e a t e r  in the  ^ ' - p o s i t i o n  than in  the 2 ' - p o s i t i o n  
is good ev idence t h a t  t h e r e  is  a d i f f e r e n c e  in the  geometr ies  of  
the  two systems, s ince  norm al ly  the  e l e c t r o n i c  d e n s i t i e s  of  these  
two p o s i t io n s  on the phenyl r in g  a re  the same. On the basis  of  
l i f e t i m e  da ta  a lone the  i n d i c a t i o n  is t h a t  the  2 1- h a lo -2 -p h e n y 1 -  
naphthalenes a re  more out  o f  p lane  in the  t r i p l e t  s t a t e  than are  
the  corresponding 4 ' - h a l o  d e r i v a t i v e s .
The phosphorescence l i f e t i m e  of  6 -b rom o-2 -p heny lnap h tha lne  
( 0 .5 2  s e c . )  is  s u b s t a n t i a l l y  longer  than t h a t  o f  l -b r o m o - 2 - p h e n y l -  
naphtha lene ( 0 .0 4 8  s e c . ) .  Th is  i n d ic a t e s  t h a t  th e r e  must be a much 
lower e l e c t r o n i c  d e n s i t y  a t  the 6 - p o s i t i o n  than a t  the 1 - p o s i t i o n  of  
th e  2 -p h en y ln ap h th a len e  m olecu le  in  th e  t r i p l e t  s t a t e .
The e f f e c t  o f  heavy-atom s u b s t i t u e n t s  on the  e x te n t  of  i n t e r ­
system c ross ing  in  many of  these compounds is  not  as s t r a i g n t  forward  
as is  the e f f e c t  on phosphorescence l i f e t i m e s .  From th e  da ta  in  
T ab le  XXIX i t  is  observed t h a t  the in c re a s e  in  w i t h  increase
in atomic  number of  the halogen s u b s t i t u e n t s  is a p p a r e n t ly  r a t h e r  
normal in the  case of  the  l - h a lo - 2 - p h e n y ln a p h t h a l e n e s  except  in  
t h a t  o f  1 - f lu o r o -2 -p h e n y ln a p h th a le n e ,  in  which decreases from
the v a lu e  f o r  2 -p h en y ln ap h th a len e .  Th is  is a p p a r e n t ly  due to  an 
inc rease  in  f lu o re s c e n c e  y i e l d  r a t h e r  than a decrease in  phospho­
rescence. T h is  phenomenon has been observed b e fo re  in  f l u o r o -  
d e r i v a t i v e s  and has been a t t r i b u t e d  to  decreased v i b r a t i o n a l  o v e r la p  
by Bhaumik and Nugent. ^
6 c
M. Bhaumik and L. Nugent ,  _J. Chem. Phys. , 43., 1965, p. 1680.
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As in  the  case o f  the  phosphorescence l i f e t i m e s  the va lues  of  
f o r  the  2 ' - f l u o r o  and 2 ' - c h l o r o - 2 - p h e n y ln ap h th a len e  seem to  
change in  the expected d i r e c t i o n  w i t h  heavy atom s u b s t i t u t i o n  but  
the magnitude o f  the  change is reduced from t h a t  expected from 
comparison w i t h  the  r e s u l t s  from 1 -h a lo  d e r i v a t i v e s .  The va lu e  
of f o r  2 1-b rom o-2 -ph eny ln a p h th a le n e  (450)  increases  by an
abnormal ly  l a r g e  amount, a f a c t o r  of  4 , 5 0 0  over th a t  o f  2 l - c h l o r o -
2 -pheny lnaphtha  lene.  4 ^  f o r  l -b ro m o -2 -p h e n y ln ap h th a len e  only  
increases  by a f a c t o r  of  130 over  t h a t  o f  l - c h l o r o - 2 - p h e n y lnaph­
th a le n e .  S ince  2 , _ bromo s u b s t i t u t i o n  has a much l a r g e r  s p i n - o r b i t a l  
coupl ing  e f f e c t  on in te rs y s te m  cross ing  than i t  does on phospho­
rescence l i f e t i m e ,  th e re  is  an i n d i c a t i o n  t h a t  the  abnorm al ly  l a r g e  
e f f e c t  is  due to  geometry d i f f e r e n c e s  in the e x c i t e d  s i n g l e t  s t a t e  
from which the in te rs y s te m  c ross ing  occurs.  A b s o rp t io n  da ta  has 
shown t h a t  t h e r e  i s  a r e l a t i v e l y  l a r g e  p o p u la t io n  o f  90 degree  
c o n f i g u r a t i o n  molecules in  the  ground s t a t e  and p o s s ib ly  th e r e  is 
a ls o  a l a r g e  p o p u la t io n  in  the e x c i t e d  s t a t e  of  2 1-brom o-2 -pheny1-  
naphtha lene.  M olecu les  o f  t h i s  compound t h a t  were 90 degrees out  
of p lane would have the 2 ' -bromine atom in  c lo se  p r o x i m i t y  to  the  p i  
cloud of  the  naphtha lene subsystem, hence th e re  should be a very  
e f f i c i e n t  e x t e r n a l  heavy-atom e f f e c t  from the  bromine atom. Th is  
e f f e c t  would not be as g r e a t  in  the  case o f  the 2 l - c h l o r o  d e r i v a t i v e  
because the  90 degree p o p u la t io n  in  t h i s  case is  smal l  and the smal l  
s i z e  o f  the c h l o r i n e  atom would p reve n t  i t  from approaching as c l o s e l y  
to  the naphtha lene pi  c loud. Because the ex t rem e ly  l a r g e  s p i n - o r b i t a l
mco u p l in g  e f f e c t  does not appear in the  phosphorescence l i f e t i m e s ,  i t  
can be assumed t h a t  the 2 ' -b ro m o -2 -p h e n y ln ap h th a len e  does not have 
a 90 degree c o n f i g u r a t i o n  in  the lowest e x c i t e d  t r i p l e t  s t a t e .
Comparison o f  the r e s u l t s  from the V -h a lo -2 -p h e n y  1-
naphthalenes w i t h  those of  the  1 - h a l o - 2 - p h e n y lnaphtha lenes  shows 
t h a t  the sp in  o r b i t a l  cou p l ing  e f f e c t  is decreased when th e r e  is  
s u b s t i t u t i o n  in  the h 1- p o s i t i o n ; the l i f e t i m e  da ta  supported a 
s i m i l a r  conclus ion .
On the bas is  o f  l i f e t i m e  data  a lo n e  one could rank the s p in -  
o r b i t a l  c o u p l ing  e f f e c t  o f  bromine s u b s t i t u t i o n  a t  v a r io u s  p o s i t io n s  
on the 2 -p h en y ln ap h th a len e  molecule  in  the  o rd e r  1 >  V  >  2 1 >  6.
The same o r d e r  would not  be o b ta ined  by using the  d a ta ;  changes
in  geometry o f  the  e x c i t e d  s i n g l e t  s t a te s  may cause the d i f f e r e n c e .
The c h lo ro  compounds may be ranked on the bas is  of  o r  phospho­
rescence l i f e t i m e s  in  the  o r d e r  1 >  k*  > 2 ' .
On the bas is  of  the a v a i l a b l e  e x p e r im e n ta l  da ta  i t  is p o s s ib le  
to  make some g e n e r a l i z a t i o n s  concern ing the  n a tu r e  o f  the chromophore 
in 2 -p h en y ln ap h th a len e .  The sp in  o r b i t a l  coup l ing  e f f e c t s  observed  
in the  1, 6 and V - h a l o  s u b s t i t u t e d  2-pheny lnaph tha lenes  i n d i c a t e  
t h a t  the  phenyl r in g  is  p a r t  o f  the  t r i p l e t  s t a t e  chromophore from  
which phosphorescence emission is  observed. One might  tend to  
e x p la i n  the  heavy-atom e f f e c t  in  the  I f 1- h a l o  d e r i v a t i v e s  as being  
due to a s p i n - o r b i t a l  c o u p l ing  e f f e c t  on a naphtha lene chromophore  
a t  a d is t a n c e  or  to  v i b r a t i o n a l  p e r t u r b a t i o n s  by the ha logen.  Both 
these e x p la n a t io n s  appear  u n l i k e l y .  A heavy-atom s p i n - o r b i t a l  coupl ing
l**5
a f f e c t ,  as e x h i b i t e d  by changes in  phosphorescence l i f e t i m e s ,  v a r i e s  
as 1 / r ^ , ^  in  which r is  the  d i s t a n c e  from the e x c i t e d  e le c t r o n  to  
the  nucleus o f  the  heavy atom. On t h i s  bas is  the e f f e c t  in  the Ap­
p o s i t i o n  would be ve ry  smal l  compared w i t h  t h a t  in  the  6 - p o s i t i o n ,  
i f  one assumes the  chromophore to  be naphtha lene.  Th is  does not  
agree w i t h  the e x p e r im e n ta l  o b s e rv a t io n s .  V i b r o n i c  p e r t u r b a t io n s  due 
to  halogen s u b s t i t u t i o n  may cause changes in the phosphorescence  
l i f e t i m e s ,  however,  such p e r t u r b a t io n s  u s u a l l y  tend to increase  the  
phosphorescence l i f e t i m e .  Th is  has been observed many t imes in cases 
in  which deu te r ium  atoms were s u b s t i t u t e d  f o r  hydrogen atoms. The 
r e l a t i v e  change in  phosphorescence l i f e t i m e s  between c h l o r i n e  and 
bromine s u b s t i t u t i o n  f o r  the  A1- p o s i t i o n  is about the  same as th a t  
observed in  the case o f  th e  1 - p o s i t i o n  s u b s t i t u t i o n s .  S ince in a l l  
p r o b a b i l i t y  th e r e  is a normal heavy-atom s p i n - o r b i t a l  coupl ing  e f f e c t  
in  the case o f  the  l -h a lo - 2 - p h e n y ln a p h t h a l e n e s  even f o r  a naphthalene  
chromophore, one would tend to  b e l i e v e  th a t  a s i m i l a r  e f f e c t  is  a ls o  
o p e r a t i v e  in  the A1- p o s i t i o n .  In  the o p in io n  o f  the  w r i t e r ,  i f  the  
naphtha lene  subsystem were the e m i t t i n g  sp ec ies ,  then t h e r e  should 
be e s s e n t i a l l y  no heavy-atom e f f e c t  due to  halogen s u b s t i t u t i o n  in  
the  A' - p o s i t i o n .  The same sta tement  cannot be made about the 2 ‘ - 
p o s i t i o n  because o f  p o s s ib le  e x t e r n a l  heavy-atom e f f e c t s  in  t h i s  
p o s i t io n .  The da ta  i n d i c a t e  t h a t  halogen s u b s t i t u t i o n  in  the A'-  
p o s i t i o n  is  more e f f e c t i v e  in  promoting s p i n - o r b i t a l  co u p l in g  than
S. K. Lower and M. A. E l -S a y e d ,  I or,, c i  t .
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is th a t  in  the  6 - p o s i t i o n  on the naphtha lene  r in g .  The phenyl r in g ,  
t h e r e f o r e ,  must be r a t h e r  s t r o n g ly  invo lved  as p a r t  o f  the  t r i p l e t  
s t a t e  chromophore.
I f  one could o b t a in  a 2 -ph en y ln ap h th a len e  m olecule  w i th  the  
aro m a t ic  r ings  held  f i r m l y  a t  th e  90 degree c o n f i g u r a t i o n ,  i t  might  
be p o s s ib le  to  s t i l l  speak o f  an independent naphtha lene subsystem 
in the e x c i t e d  s t a t e ,  however,  the  data  have c l e a r l y  shown t h a t  the  
more p la n a r  e x c i t e d  s t a t e s  a re  more s t a b l e ,  hence the  independent  
naphtha lene subsystem e x c i t e d  s t a t e  is  a v e r y  u n l i k e l y  s i t u a t i o n .
From the observed v i b r a t i o n a l  f re q u e n c ie s  in  the phosphorescence  
s p e c t r a ,  th e r e  is  some i n d i c a t i o n  t h a t  the ground s t a t e  o f  2 - p h e n y l ­
naphtha lene may be v i b r o n i c a l l y  s i m i l a r  to  t h a t  of  naphtha lene.  Th is  
may i n d i c a t e  t h a t  the e x c i t e d  e l e c t r o n  spends r e l a t i v e l y  more t ime  
in  the naphtha lene p o r t io n  o f  the  m olecu le  than in the benzene 
p o r t  ion.
I . Comparisons o f  Exper im en ta l  and. C a lc u la te d  Spectra  1 Data f o r
P la n a r  2 -P he ny lnaph tha lene
A se m ie m p ir ic a l  S e l f  C o n s is te n t  F i e l d  M o le c u la r  O r b i t a l  (SCFMO) 
c a l c u l a t i o n  by the  method fo rm u la te d  by P a r i s e r ,  P a r r  and Pople  was 
c a r r i e d  out  on p la n a r  2 - p h e n y ln a p h th a le n e ,  the  geom etr ic  c o n f i g u r a t i o n  
of which is  shown in  F ig u r e  10. The P a r i s e r ,  P a r r  and Pople  method 
is  descr ibed  in  Chapter  I .
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The energy l e v e l s ,  t r a n s i t i o n  moments, and p o l a r i z a t i o n s  from 
the c a l c u l a t i o n s  a re  compared w i th  the exp e r im e n ta l  energy l e v e l s  
and e x t i n c t i o n  c o e f f i c i e n t s  in Tab le  XXX. The exp er im en ta l  energy  
l e v e l  f o r  the 1 *- 'A t r a n s i t i o n  is  from the f lu o re s c e n c e  em iss ion ,  
s in ce  i t  is  b e l ie v e d  to  be an emission from a p la n a r  molecule .
The c a l c u l a t i o n s  i n d i c a t e  the e x is te n c e  o f  an ex t rem e ly  weak 
t r a n s i t i o n  a t  4 6 ,7 0 0  cm. The presence o f  a band of  very  low
i n t e n s i t y  would be d i f f i c u l t  to  d e t e c t ,  s ince  i t  is  very  c lose  to  
the observed f requency o f  the 1 •- 'A t r a n s i t i o n  (4 7 ,1 7 0  cm. * ) .
There  is observed in  the room tem pera ture  spectrum of  2 -pheny lnaph­
t h a le n e  what appears to  be a very  weak t r a n s i t i o n  a t  a p p ro x im ate ly
4 4 ,0 0 0  cm. T h is  may correspond to  the  c a l c u l a t e d  t r a n s i t i o n  a t
4 6 ,7 0 0  cm. Most o f  the f re q u e n c ie s  and r e l a t i v e  i n t e n s i t i e s  a re
in f a i r  agreement w i th  those observed e x p e r im e n t a l l y .
The charge d e n s i t i e s  on a l l  the  carbon atoms were c a l c u l a t e d  to  
be e s s e n t i a l l y  u n i t y  f o r  the ground s t a t e  o f  p l a n a r  2 -phen y ln aph tha lene .  
The charge d e n s i t i e s  f o r  the ' e x c i t e d  s t a t e  and a l l  bond o rd e rs  f o r  
both the ground s t a t e  and the 1 exc i t ed  s t a t e  were c a l c u l a t e d .  The 
bond o rd ers  were converted  t o  bond lengths  and the r e s u l t s  a re  shown 





T r a n s i t i o n
1L *- 'A Lb M
' L *“ 'A a
■»b -  'A 
•C b -  'A
TABLE XXX
C a lc u la te d  and E xper im enta l  T r a n s i t i o n s  
of  P la n a r  2 -P heny lnaph tha lene
Expt.  Energy C a lc .E n erg y  c ( l i t e r /  T r a n s i t i o n  P o l a r i -  
(Cm. *) (Cm. m o le /c m . ) Moment z a t i o n
29,21+0 3 3 ,1 2 0  ~  102 .0 0 0 6  30 .5°
34,81+0 3 4 ,9 8 0  1 .3x10^ . 8 1 3 0  36. 3*
4 0 ,0 0 0  4 0 ,4 6 0  5 .7 * 1 0 ^  2 .0 2 1 7  -2 6 .2 "
4 7 ,1 7 0  4 4 ,9 9 0  4 .1 x 1 0 ^  .5986  - 3 6 . 7 °
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I t  is apparent  upon exam ina t ion  of  the  r e s u l t s  in  T ab le  XXXI 
t h a t  t h e r e  have been s i g n i f i c a n t  changes in  both the  charge d e n s i t i e s  
and bond lengths  when the  molecule  is  e x c i t e d  to the 1 e l e c t r o n i c  
s t a t e .  That  t h e r e  has been s i g n i f i c a n t  i n t e r a c t i o n  between the  two 
aro m a t ic  r in gs  is  in d ic a t e d  by the decrease in  the leng th  o f  the  
bond between the r in gs  from 1 .48  A. in the ground s t a t e  to  1 .45  A. 
in  the e x c i t e d  s t a t e .  I t  was a ls o  observed from the t o t a l  charge  
d e n s i t y  in the  two r ings  t h a t  0 . 3 5 7  e l e c t r o n s  a re  t r a n s f e r r e d  from 
the  naphtha lene to  the benzene r in g  on e x c i t a t i o n .  Th is  o b s e r v a t io n  
is  in  agreement w i t h  the w r i t e r ' s  c o n te n t io n  t h a t  resonance i n t e r a c t i o n  
energy should be g r e a t e r  f o r  2 -p h e n y ln a p h th a le n e  than f o r  b ipheny l  
because in 2 -p h e n y ln a p h th a le n e  th e r e  is  the  added p o s s i b i l i t y  of  
charge t r a n s f e r  between the two r ings.
The charge d e n s i t i e s  rep o r ted  f o r  the  ' s t a t e  of  p l a n a r  2 -  
pheny lnaph tha lene  p robab ly  w i l l  not be the same as those o f  the a
s t a t e ,  however,  i t  is  observed t h a t  the charge d e n s i ty  in the  6 -carbon  
p o s i t i o n  ( . 9 3 0 )  is  much less than t h a t  f o r  the 1-carbon p o s i t i o n  
( 1 . 0 0 7 ) .  Th is  is  in  agreement w i t h  the e x p e r im e n ta l  ob s e rv a t io n s  
t h a t  bromine s u b s t i t u t e d  in the 6 - p o s i t i o n  has a reduced s p i n - o r b i t a l  
c o u p l ing  e f f e c t  compared to  t h a t  o f  bromine s u b s t i t u t e d  in  the  1 - p o s i t i o n .  
I t  is  a ls o  observed t h a t  bromine in  the  4 ' - p o s i t i o n  has a g r e a t e r  s p in -  
o r b i t a l  c o u p l ing  e f f e c t  than t h a t  in  the 6 - p o s i t i o n .  Th is  is  a ls o  in 
agreement w i t h  an argument based on the c a l c u l a t e d  charge d e n s i t i e s .
Except f o r  minor energy l e v e l  d i f f e r e n c e s  and some v a r i a t i o n s  in  band 
i n t e n s i t i e s ,  no th ing  in th e  c a l c u l a t i o n s  f o r  p la n a r  2 -ph en y ln ap h th a len e  
is  in major  d isagreement  w i t h  the  repor ted  ex p e r im e n ta l  o b s e rv a t io n s .
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TABLE XXXI
C a lc u la te d  Charge D e n s i t i e s  and Bond Lengths  
f o r  P la n a r  2 -P heny lnaph tha lene
Carbon Atom * L^ Charge D e n s i ty Bond
Ground S t a t e  
Length (A)
'L^j S t a t e  
Length (A)
1 1. 007 1-2 1 .37 1 .40
2 0 .951 2-3 1 .40 1 .42
3 0. 960 3 -4 1. 36 1 .39
4 0. 981 4 -1 0 1.41 1.41
5 1. 007 10-5 1.41 1 .42
6 0. 930 5-6 1. 36 1. 38
7 0 .9 3 6 6 - 7 1. 40 1.40
8 1. 002 7 -8 1. 36 1. 39
9 0. 935 8 -9 1.41 1.41
10 0. 935 9-1 1.41 1.41
1 1 1. 113 9 -10 1.41 1.43
2' 1. 034 2 - 1 ' 1 .48 1 .45
3 ' 1. 026 1 ' - 2 ' 1 .39 1. 41
4 ' 1. 123 2 ' - 3 ' i .  38 1 .37
5' 1. 028 3 ' - 4 ' 1. 38 1. 39
6 ' 1-033 4 '  - 5 ' 1. 38 1 .40
5 ' - 6 ' 1. 38 1 .3 7
6 • - 1 1 1 .39 1.41
CHAPTER IV 
SUMMARY AND CONCLUSIONS
The dual  emissions p r e v i o u s ly  repor ted  f o r  f lu o r a n t h e n e ,  2 - p h e n y l -  
naphtha lene  and 1 , 2 - b e n z f 1uorene have been shown to  o r i g i n a t e  from  
t ra c e s  o f  i m p u r i t i e s  p re s e n t  in  the  com m erc ia l ly  prepared compounds.
The i m p u r i t i e s  in  f lu o r a n th e n e  and 2 -ph en y ln ap h th a len e  could not be 
removed by any o f  the co n v e n t io n a l  p u r i f i c a t i o n  procedures.  Pure  
compounds could be o b ta ined  on ly  by s yn th e s is .  1 , 2 -b e n z f lu o r e n e  
was s u f f i c i e n t l y  p u r i f i e d  by s u b l im a t io n  to  e x h i b i t  a s i n g l e  f l u o ­
rescence and a s i n g l e  phosphorescence. No im p u r i ty  t r a n s i t i o n s  could  
be d e te c te d  in  the  a b s o rp t io n  spectrum o f  f lu o r a n th e n e .  The a b s o rp t io n  
spectrum o f  s y n t h e t i c  f l u o r a n t h e n e  was i d e n t i c a l  w i th  t h a t  repor ted  
f o r  the  sample e x h i b i t i n g  dual  em iss ions ,  however,  the  s y n t h e t i c  
sample em i t te d  on ly  a s i n g l e  f lu o re s c e n c e  and a s i n g l e  phosphorescence.  
The im p u r i ty  phosphorescence from f lu o r a n th e n e  resembled th a t  of  
phenanthrene but  i t  was s l i g h t l y  r e d - s h i f t e d .
The im p u r i ty  in 2 -pheny lnaphtha lene[  had the  same a b s o rp t io n  
spectrum as t h a t  o f  anthracene  but the v i b r a t i o n a l  s t r u c t u r e  in the  
f lu o re s c e n c e  spectrum was somewhat d i f f e r e n t  from t h a t  of  anthracene.  
The presence o f  2 -p h en y ln a p h th a le n e  a p p a r e n t ly  has the e f f e c t  of  
i n t e n s i f y i n g  the a n t is y m m e t r ic  v i b r a t i o n a l  bands o f  an thracene  w h i le
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decreas ing  the i n t e n s i t y  o f  the symmetric v i b r a t i o n a l  bands. Th is  
must be due to  some type of com plexat ion  in  which th e  2 -pheny lnaph­
th a le n e  a l t e r s  the geometry o f  the e x c i t e d  s t a t e  of anthracene.
Even though the  second emissions repor ted  f o r  f lu o r a n t h e n e ,  
2 -ph en y ln ap h th a len e  and 1 , 2 -b e n z f lu o r e n e  have been shown to  o r i g i n a t e  
from i m p u r i t i e s ,  t h i s  does not n e c e s s a r i l y  mean t h a t  complex molecules  
of t h i s  k in d ,  made up of s m a l le r  subsystems, cannot under the proper  
e x c i t a t i o n  e x h i b i t  the emission p r o p e r t i e s  of  the i n d i v i d u a l  sub­
systems. However,  ev idence based on the exp e r im e n ta l  ob s e rv a t io n s  
in  t h i s  research  tends t o  i n d i c a t e  t h a t  the  p r o b a b i l i t y  of  observ ing  
emissions from the  independent subsystems of  2 -ph en y ln ap h th a len e  is  
ex trem ely  low.
The u n c e r t a i n t y  p r i n c i p l e  shows t h a t  the average t ime dur ing  
which one molecule  in  a c r y s t a l  may be considered to  be e x c i t e d  is 
of  the  o r d e r  o f  r  = in which A E  is  the  energy o f  i n t e r a c t i o n
between the  molecules.  In  a t y p i c a l  case t h is  t ime may be in the  
range of  10 ^  -  10 ^  sec. Th is  corresponds to  an i n t e r a c t i o n  
energy o f  a p p ro x im ate ly  0 . 3  cm.  ^ -  300 cm. A composite molecule
such as 2 -p h en y ln ap h th a len e  may be considered  to be a c r y s t a l  w i th  
two molecules.  The magnitude of  the i n t e r a c t i o n  energy f o r  such a
system w i l l  g e n e r a l l y  be g r e a t e r  than t h a t  of  molecules in  c r y s t a l s .
6 7Schnepp and Levy have shown t h a t  energy t r a n s f e r  is  very  rap id  
between naphtha lene  and anthracene in  the 9 ~ a n t h r y 1 - 1 1- n a p h th y la lk a n e
67i0. Schnepp and M. Levy, Am. Chem. Soc. , 84 ,  ( 1 9 6 2 ) ,  p. 172.
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system. In  t h i s  system the  i n t e r a c t i o n  energy A E  is  known to  be small  
as evidenced by the f a c t  th a t  the a b s o rp t io n  sp e c t ra  of  these compounds 
are  e s s e n t i a l l y  su p e rp o s i t io n s  of  the a b s o rp t io n s  o f  the naphthalene  
and an thracene  subsystems. Even in  t h is  weakly i n t e r a c t i n g  n o n -p lanar  
system, o n ly  t h e  an thracene  emission was observed,  when the naphtha lene  
subsystem was e x c i t e d  by a p p r o p r i a t e l y  f i l t e r e d  r a d i a t i o n .
The a b s o rp t io n  spectrum of  2 -phen y ln ap h th a len e  cannot be considered  
a s u p e r p o s i t io n  of  naphtha lene and benzene a b s orp t ions .  The a b s o rp t io n  
spectrum o f  2 -phen y ln aph tha lene  is  t y p i c a l  of  t h a t  of  a s i n g l e  hydro­
carbon l i k e  naphtha lene but some o f  the bands a re  s e v e r e ly  r e d - s h i f t e d  
w ith  respect  to  those of  naphthalene.  There  a re  no t r a n s i t i o n s  in  the  
2 -p h en y ln ap h th a len e  a b s o rp t io n  spectrum t h a t  can be assigned to  the  
benzene subsystem. One must conclude,  t h e r e f o r e ,  t h a t  the i n t e r ­
a c t i o n  energy between the  two subsystems o f  2 -p h en y ln ap h th a len e  is  
much g r e a t e r  than t h a t  of  the  9 _a n t h r y 1 - 1 1- n a p h t h y la lk a n e  system.
Th is  in d ic a t e s  t h a t  the average t ime f o r  e x c i t a t i o n  energy to  remain 
in  the benzene subsystem of  2 -p h en y ln ap h th a len e  must be s h o r t e r  than  
the t ime f o r  naphtha lene e x c i t a t i o n  energy to  remain in  the  naphtha lene  
subsystem o f  the 9 ~ a n t h r y 1 - 1 ' -n a p h th y la  1kanes.
Based on the e x p e r im e n ta l  r e s u l t s  on 2 -p h e n y ln a p h th a le n e ,  i t  is  
obvious t h a t  the i n t e r a c t i o n  energy between the phenyl  and naphthyl  
r ings  w i l l  depend on the  ang le  between the  r in g s .  The v a lu e  o f  the  
i n t e r a c t i o n  energy can be es t im a te d  in  the two extreme cases in  which  
the  two r ings  a r e  e i t h e r  c o - p l a n a r  or  90 degrees out o f  p lane w i th  
respect  to  one ano the r .  In  the case o f  p la n a r  2 -p h en y ln ap h th a len e
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the i n t e r a c t i o n  energy is  es t im a te d  from the r e d - s h i f t  in the ' L. *- 'Ab
t r a n s i t i o n  to  be a p p ro x im a te ly  2 ,5 0 0  cm. * compared w i th  th a t  of  
naphtha lene and in the 90 degree c o n f i g u r a t i o n  the i n t e r a c t i o n  energy 
must be a t  l e a s t  10 cm. *. I f  i t  is assumed t h a t  the  benzene sub­
system can be indepe ndent ly  e x c i t e d  in the  two extreme cases,  then  
i t  is concluded t h a t  the  average t ime f o r  the  e x c i t a t i o n  to  remain 
on the  benzene subsystem b e fo re  the  energy is t r a n s f e r r e d  to  the
-14naphtha lene subsystem is  of  the  o rder  of  1.3 x 10 sec. in  the
-12casp o f  p la n a r  c o n f i g u r a t i o n  and 3 x 10 sec. in th e  case of  the  
90 degree c o n f i g u r a t i o n .  With energy t r a n s f e r  o c c u r r in g  in  such 
sho rt  t ime i n t e r v a l s ,  one could not p o s s ib ly  expect  to observe a 
benzene emission from 2 -p h e n y ln a p h th a le n e ,  even i f  i t  were p o s s ib le  
to  independent ly  e x c i t e  the  i n d i v i d u a l  benzene subsystem.
There  is  a t  l e a s t  one o th e r  s i t u a t i o n  t h a t  may a r i s e  in  which i t  
would be p o s s ib le  to  observe two d i f f e r e n t  emissions from 2 - p h e n y l -  
naphtha lene.  I f  by some means the phenyl r in g  o f  2 -ph en y ln ap h th a len e  
could be s t a b i l i z e d  in the  90 degree out  of  p la n e  c o n f i g u r a t i o n ,  the  
m olecu le  should a c t  e s s e n t i a l l y  l i k e  an a l k y l  s u b s t i t u t e d  naphthalene  
and should have an emission c h a r a c t e r i s t i c  of  the  naphtha lene sub­
system. I f ,  on the  o th e r  hand, p a r t  o f  the  molecules were d i s t r i b u t e d  
a t  some s m a l le r  e q u i l i b r i u m  a n g le ,  a t  which t h e r e  was a p p re c ia b le  
resonance s t a b i l i z a t i o n  between r in g s ,  these molecules would have 
emission p r o p e r t i e s  c h a r a c t e r i s t i c  o f  a t o t a l  2 -phen y ln aph tha lene  
molecule .  I f  dua l  emissions of  t h i s  kind were to be observed,  they  
would in  essence be emissions from two d i f f e r e n t  m o lecu la r  spe c ie s ,
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not from a s in g le  molecule .  The exp er im enta l  ev idence in d ic a t e s  t h a t  
even t h i s  l a t t e r  s i t u a t i o n  does not a r i s e  in  2 -p h en y ln aph tha lene  but  
i t  may occur in  some of the d e r i v a t i v e s  o f  2 -ph en y ln ap h th a len e  in  which  
the a ro m a t ic  r ings  a re  s t a b i l i z e d  in the 90 degree c o n f i g u r a t io n .
Severa l  d e r i v a t i v e s  of  2 -ph en y ln ap h th a len e  a re  observed to  e x h i b i t  
p r o p e r t i e s  o f  a s l i g h t l y  pe r tu rb ed  naphthalene subsystem, when the re  
is  an a p p r e c ia b le  d i s t r i b u t i o n  o f  90 degree out of  p lane  m o lecu la r  
c o n f i g u r a t io n s .  These 90 degree c o n f ig u r a t io n s  have 1 *“ 'A 
t r a n s i t i o n s  in the 2200 -  2300 A. region reminescent  of  the 2 - a l k y l  
or  2 -h a lo n a p h th a le n e s .  The 1 *- 'A t r a n s i t i o n  o f  2 -phen y ln aph tha lene  
i t s e l f  occurs a t  2500 A. , c o n s id e r a b ly  r e d - s h i f t e d  from th a t  expected  
o f  a naphtha lene abso rp t io n .
The 1B^ *- 'A t r a n s i t i o n s  i n d i c a t e  t h a t  1 - c h l o r o - 2 - p h e n y lnaph­
t h a le n e  and l -b ro m o -2 -p h e n y ln a p h th a le n e  have a p p r e c ia b le  p o p u la t io n s  
o f  90 degree c o n f i g u r a t io n s  in  the  ground s t a t e  a t  room tem pera ture  
but not a t  77°K. Th is  is  i n d i c a t i v e  o f  a s t a b i l i z a t i o n  o f  the 90 degree  
c o n f i g u r a t i o n  in  these compounds by an i n t e r a c t i o n  between the la rg e  
halogen atom and the benzene pi  c loud. Th is  i n t e r a c t i o n  must be 
r e l a t i v e l y  small  in  the l - h a l o - 2 - p h e n y ln a p h t h a l e n e s ,  s ince  i t  does 
not  occur  a t  a l l  in  the case o f  2 -p h en y ln ap h th a len e  and l - f l u o r o - 2 -  
pheny lnaphtha lene  and is  not observed in  the 1 - c h lo r o  and 1-bromo 
d e r i v a t i v e s  a t  77°K. The a t t r a c t i o n  between the 1 -ha logen and the  
2 * -hydrogen in  the  p l a n a r  c o n f i g u r a t i o n  a p p a r e n t ly  presents  a much 
deeper minimum in the z e r o - p o i n t  energy curve than the minimum a t  
90 degrees in  the case o f  these compounds. The e x p er im en ta l  o b s er ­
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v a t io n s  lead to  the conclus ions t h a t  a l l  the l -h a lo - 2 - p h e n y ln a p h t h a le n e s  
are  p la n a r  or  n e a r ly  p l a n a r  in  the  e q u i l i b r i u m  e x c i t e d  s t a t e .  There  
i s ,  t h e r e f o r e ,  l i t t l e  p r o b a b i l i t y  of  observ ing  an emission from an 
independent naphthalene subsystem of  the l - h a l o - 2 - p h e n y lnaphtha lenes .
In the  2 ' - h a l o - 2 - p h e n y lnaphtha lenes  th e re  appears to  be l i t t l e  
or  no a t t r a c t i o n  between the  2 ' -h a lo g e n  and 1-hydrogen to  s t a b i l i z e  
the p la n a r  c o n f i g u r a t i o n ,  and in  the case of  the 2 ' - c h l o r o  and 2 ' -b romo  
d e r i v a t i v e s  t h e r e  is a p p r e c ia b le  s t a b i l i z a t i o n  o f  the  90 degree c o n f i g ­
u r a t io n .  In  the a b s o rp t io n  spectrum o f  2 ' - c h l o r o  and 2 ' -b r o m o -2 -  
pheny lnaphtha lene  the c h a r a c t e r i s t i c  naphtha lene ‘ B^ *- 'A t r a n s i t i o n  
is  observed in  the 2200 -  2300 A. region a t  room tem pera ture  and is 
observed t o  a l e s s e r  e x t e n t  a t  77°K. The t r a n s i t i o n  is  f a r  more 
i n te n se  in the case o f  th e  2 ' -b rom o d e r i v a t i v e  than in t h a t  of  the  
2 ' - c h l o r o  d e r i v a t i v e .  S ince t h i s  t r a n s i t i o n  is  observed w i t h  an 
a p p r e c ia b le  i n t e n s i t y  a t  77"K, i t  must be concluded t h a t  the minimum 
in the z e r o - p o i n t  energy curve a t  90° is  low enough to  e f f e c t i v e l y  
compete w i t h  the second minimum a t  a s m a l le r  ang le  (not  co m ple te ly  
p la n a r )  c re a te d  by the resonance s t a b i l i z a t i o n  between the  two r ings .  
From the r e l a t i v e  i n t e n s i t i e s  o f  the 1 lA t r a n s i t i o n s  of  the  two 
c o n f i g u r a t io n s  i t  is  es t im a te d  t h a t  the minimum in the z e r o - p o i n t  
energy curve  corresponding  to  the s m a l le r  ang le  is  the deeper of  the  
two and con ta in s  the g r e a t e s t  p o p u la t io n  of  molecules.  The d a ta  
i n d i c a t e  t h a t  the  geometry o f  the  e x c i t e d  s t a t e  is  not g r e a t l y  
d i f f e r e n t  from t h a t  o f  the  major  d i s t r i b u t i o n  in  the ground s t a t e .
T h is  would i n d i c a t e  a p o s s i b i l i t y  of  two d i f f e r e n t  m o lecu la r  c o n f i g -
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u r a t io n s  in the e x c i t e d  s t a t e ,  e s p e c i a l l y  in  the case o f  2 ' -b r o m o -2 -  
phenylnaphtha lene.  T h is  molecule  p rov ides  the best change o f  any 
molecule  s tud ied  to  e x h i b i t  dual f lu o re s c e n c e s ;  however,  i t s  f l u o r o -  
scence quantum y i e l d  is  too low to  p erm i t  o b s e rv a t io n  of  a second 
f lu o re s c e n c e .
Another  molecule  from which dua l  emissions might occur is 2 ' -  
m e th y l -2 -p h e n y ln a p h th a le n e ,  which has a r e l a t i v e l y  in te n s e  1 *- 'A 
t r a n s i t i o n  c h a r a c t e r i s t i c  of a naphtha lene system in the 90 degree  
c o n f i g u r a t i o n  and an o th e r  1 •- lA t r a n s i t i o n  c h a r a c t e r i s t i c  of  a 
s l i g h t l y  out  o f  p lane  2 -ph en y ln ap h th a len e  system. In  t h i s  compound 
the  'B^ *- 'A t r a n s i t i o n  o f  the naphtha lene  subsystem e s s e n t i a l l y  
disappears  a t  77°K and t h e r e  is  some ev idence  t h a t  the p l a n a r i t y  o f  
the molecule  is g r e a t e r  in  the e q u i l i b r i u m  e x c i t e d  s t a t e .  I t  i s ,  
t h e r e f o r e ,  improbable  th a t  two emissions from 2 1-m e th y 1-2 -p h e n y 1-  
naphtha lene could be observed.
2 -p h en y ln ap h th a len e  i t s e l f  shows no i n d i c a t i o n  a t  a l l  o f  having  
a 'B^ •“ 'A t r a n s i t i o n  c h a r a c t e r i s t i c  of a 90 degree c o n f i g u r a t i o n  
e i t h e r  a t  room tem p era tu re  or  77°K. The 'B^ *“ 'A t r a n s i t i o n  occurs  
a t  2500 A. and is  r e l a t i v e l y  narrow even a t  room te m p era tu re ;  t h i s  
beh av io r  suggests t h a t  th e re  is  a r e l a t i v e l y  narrow an g u la r  d i s t r i ­
b u t io n  of  the  molecules.  The e x t i n c t i o n  c o e f f i c i e n t  o f  the 'B, *“ 'Ab
t r a n s i t i o n  is  a p p r e c ia b ly  h ig h e r  than t h a t  o f  the compounds in  which  
th e re  was a d i s t r i b u t i o n .  The 'C^ 'A t r a n s i t i o n  in  2-pheny lnaph­
th a le n e  is v e ry  sharp w i t h  no n o t i c e a b l e  shoulders  on e i t h e r  s ide .
I t  must be concluded th a t  th e re  is  no measurable p o p u la t io n  o f
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90 degree c o n f i g u r a t io n s  in  2 -p h en y ln ap h th a len e  a t  room tem perature .  
Since th e re  is  i n d i c a t i o n  t h a t  the p l a n a r i t y  of  2 -phen y ln aph tha lene  
is  g r e a t e r  in  the e x c i t e d  s t a t e ,  i t  is  h ig h ly  improbable to  observe  
a ny th ing  o th e r  than a t o t a l  molecule  f lu o re s c e n c e  from 2 -pheny lnaph­
tha lene.
The 6 -b ro m o -2 -p h en y1 n a p h th a le n e , 4 ' - c h l o r o - 2 - p h e n y l n a p h t h a l e n e  
and V -b rom o-2 -ph eny lnaph tha lene  a l l  appear  to  be s i m i l a r  to  2 - p h e n y l ­
naphtha lene w i t h  respect  to the absence o f  a 1 •- 'A t r a n s i t i o n  
c h a r a c t e r i s t i c  of  the 90 degree c o n f i g u r a t i o n .  There  was some i n d i ­
c a t i o n  o f  increased  ground s t a t e  p l a n a r i t y  of  these compounds compared 
w ith  t h a t  o f  2 -p h en y ln ap h th a len e .  Th is  reduces the p r o b a b i l i t y  o f  
o bserv ing  a second emission from these compounds.
E x per im en ta l  ev idence from phosphorescence l i f e t i m e  measurements 
and quantum y i e l d s  in d ic a t e s  t h a t  the  phenyl r in g  a ls o  s t r o n g ly  
i n t e r a c t s  w i t h  the  naphtha lene r in g  in  the t r i p l e t  s t a t e .  I f  the  
observed phosphorescence from 2 -p h e n y ln a p h th a le n e  were from a naph­
t h a le n e  chromophore, then one should observe l i t t l e  or  no heavy atom 
e f f e c t  from 4 ' - h a l o g e n  s u b s t i t u t i o n .  There  is observed a g r e a t e r  
heavy atom e f f e c t  in  the V - p o s i t i o n  than in  the 6 - p o s i t i o n .  2 1-  
bromo-2-phenyln a p h th a le n e  would be expected to  have the best  chance 
o f  e m i t t i n g  a phosphorescence c h a r a c t e r i s t i c  o f  naphtha lene  because of  
i t s  h ig h e r  p r o b a b i l i t y  o f  being 90 degrees out  o f  p lane .  Th is  molecule  
has an e x t r a o r d i n a r i l y  l a r g e  degree o f  in te rs y s te m  c ross ing  presumably  
due to  an e x t e r n a l  heavy atom e f f e c t  from the 90 degree c o n f i g u r a t io n .  
The s p i n - o r b i t a l  co u p l in g  e f f e c t  on phosphorescence l i f e t i m e  is  g r e a t l y
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reduced, even less than t h a t  f o r  the  V - b r o m o  d e r i v a t i v e .  Th is  would 
i n d i c a t e  t h a t  th e  high degree of  in te rs y s te m  c ross ing  i s  due to  the  
90 degree c o n f i g u r a t io n  o f  the e x c i t e d  s i n g l e t  s t a t e ,  and t h a t  the  
t r i p l e t  s t a t e  corresponds to  a more n e a r ly  p la n a r  c o n f i g u r a t i o n  from  
which the  e x t e r n a l  heavy atom e f f e c t  is  not observed.
In  v iew  of the  exp e r im e n ta l  da ta  p re s e n te d ,  one must conclude  
t h a t  2 -phen y ln aph tha lene  should be expected to  e x h i b i t  on ly  a s i n g l e  
f lu o re s c e n c e  and a s i n g l e  phosphorescence and t h a t  these emissions  
must be c h a r a c t e r i s t i c  of  a t o t a l  m o lecu le  chromophore. The i n t e r ­
a c t io n  o f  the  phenyl r in g  does depend on the ang le  o f  r o t a t i o n ;  
however,  th e  ang le  in  2 -p h en y ln ap h th a len e  i t s e l f  a p p a r e n t ly  does not  
get  l a r g e  enough (90 degrees)  to  con s id er  the m olecule  to  be a naph­
th a le n e  chromophore.
Since i t  has bee concluded t h a t  2 -p h en y ln ap h th a len e  cannot be 
considered e l e c t r o n i c a l l y  simply as a com binat ion  of benzene and 
naphtha lene subsystems, i t  must be considered as a m o lecu la r  species  
w i t h  i t s  own c h a r a c t e r i s t i c  se t  of  pi  e l e c t r o n  energy s t a t e s .  These 
energy s t a t e s  a re  somewhat unique in  t h a t  they can vary  g r e a t l y  as 
the ang le  between the two a ro m at ic  r ings  v a r i e s .  Th is  has the e f f e c t  
o f  causing r e l a t i v e l y  l a r g e  v a r i a t i o n s  in  t r a n s i t i o n  e n e rg ie s  w i t h  
the s u b s t i t u t i o n  o f  s imple  a l k y l  o r  ha lo  groups t h a t  a re  capable  of  
changing the  r in g  ang le .  Normal ly  such s u b s t i t u e n t s  cause on ly  minor  
energy changes when the s u b s t i t u t i o n  occurs a long  the a x is  o f  the  
t rans i t  ion.
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2 -p h en y ln aph tha lene  has the  usual compliment of  energy s t a t e s  
t y p i c a l  of  o th e r  hydrocarbon molecules l i k e  naphtha lene and benzene 
in  which the  1 s t a t e  is  the lowest  e x c i t e d  s i n g l e t  s t a t e .  The energy  
of the 11.  ^ s t a t e  o f  2 -phen y ln ap h th a len e  v a r i e s  from a p p ro x im ate ly  
3 1 ,4 5 0  cm. * f o r  the  out o f  p lane c o n f i g u r a t i o n  to  2 9 .2 4 0  cm. * f o r  
the  p la n a r  c o n f i g u r a t io n .  Accord ing to  the SCFMO c a l c u l a t i o n s  t h i s  
t r a n s i t i o n  is p o l a r i z e d  a t  an ang le  o f  3 0 .5  degrees w i th  respect  to  
the  long a x is  of  the  naphtha lene molecule .  Th is  corresponds approx­
im a te ly  to  an ex ten s io n  o f  a l i n e  drawn through the  bond between the  
two r in gs .  The 1 *- 'A t r a n s i t i o n  in  2 -p h en y ln ap h th a len e  is h ig h ly  
s e n s i t i v e  t o  s u b s t i t u e n t s  t h a t  a r e  capable  o f  changing the ang le  
between the r ing  whether  o r  not the s u b s t i t u e n t s  themselves a r e  a long  
the a x is  o f  p o l a r i z a t i o n .  Emission da ta  i n d ic a t e s  t h a t  the  p la n a r  
c o n f i g u r a t i o n  is  h ig h ly  s t a b i l i z e d  by p o l a r  resonance s t r u c t u r e s  in  
the  ' st at e.  The molecule  always has a s t rong  tendency to  become 
p l a n a r  in  the  ' s t a t e ,  when i t  is  not prevented  from doing so by 
s t e r i c  h indrance.
The 'L  s t a t e  is  the second e x c i t e d  energy l e v e l  in  2 - p h e n y l -  
d
n aptha lene .  Th is  s t a t e  v a r i e s  from a p p ro x im a te ly  3 4 ,7 0 0  cm. * in  the  
case of  the  p la n a r  c o n f i g u r a t i o n  t o  a p p ro x im a te ly  3 6 ,3 0 0  cm. * in  t h a t  
of the out  o f  p lane  c o n f i g u r a t i o n .  The 'L  *- 'A t r a n s i t i o n  is not asd
s e n s i t i v e  t o  changes in  the  r in g  ang le  as a r e  the ' *- 'A and ' *- 'A
t r a n s i t i o n s .  Accord ing t o  the  SCFMO c a l c u l a t i o n s  t h i s  t r a n s i t i o n  is 
p o l a r i z e d  a t  an a n g le  o f  3 6 .3 °  w i t h  respect  to  the  long a x is  of  the  
naphtha lene r ing .  The 'L *- 'A t r a n s i t i o n  in  naphtha lene is  p o l a r i z e d
cl
161
along the short  a x i s ,  t h e r e f o r e  the  ang le  of  36 .3"  i n d ic a t e s  th a t  the  
'L  *- 'A t r a n s i t i o n  o f  2 -p h en y ln aph tha lene  is unique f o r  t h i s  molecule  
and is not c h a r a c t e r i s t i c  of  the  corresponding naphtha lene t r a n s i t i o n .
The t h i r d  e x c i t e d  energy l e v e l  o f  2 -phen y ln ap h th a len e  is  the ' B  ^
s t a t e  which v a r i e s  from 4 0 ,0 0 0  cm. * in  the  case of the  p la n a r  c o n f i g ­
u r a t i o n  to  a p p ro x im ate ly  4 4 ,4 0 0  cm.  ^ in t h a t  of  the n o n -p lan ar  c o n f i g ­
u r a t io n .  The *“ 'A t r a n s i t i o n  appears to  be more s e n s i t i v e  to r ing
a ng le  than is  the 1 *- lA t r a n s i t i o n ,  however,  t h i s  may be p a r t l y  due 
to  the  d i f f i c u l t y  in  observ in g  the ' *- 'A t r a n s i t i o n  in the case of
a 90 degree c o n f i g u r a t i o n  because i t  is  obscured by the more in te n se  
* • -  'A t r a n s i t i o n .  Changes in  the energy of  the 1B^ 'A t r a n s i t i o n  
appear to  be the  best c r i t e r i o n  f o r  d e t e c t i n g  changes in the  ang le  
between the r in g  p lanes .  According to  the SCFMO c a l c u l a t i o n s  on p la n a r  
2 -p h e n y ln a p h th a le n e ,  the ‘ B^ 'A t r a n s i t i o n  is p o l a r i z e d  a t  an ang le  
o f  -26 .  2 degrees w i th  respect  to  the long a x is  of  naphthalene.
The h ig h es t  energy s t a t e  o bservab le  in  2 -p h en y ln ap h th a len e  in  the  
near u l t r a v i o l e t  region is  a p p a r e n t ly  the 'C^ s t a t e .  The energy of  
t h i s  s t a t e  is  a p p ro x im a te ly  4 7 ,1 7 0  cm."*  and a p p a r e n t ly  v a r i e s  l i t t l e  
w i t h  r in g  ang le .  The SCFMO c a l c u l a t i o n s  i n d i c a t e  th a t  th e  'C^ *- ‘A 
t r a n s i t i o n  is p o l a r i z e d  a t  an ang le  o f  - 3 6 . 7 °  w i t h  respect  to  the  
naphtha lene long a x is .
The lowest  t r i p l e t  s t a t e  of  2 -p h e n y ln a p h th a le n e  as observed in
3
the  phosphorescence spectrum is a t y p i c a l  L s t a t e  t h a t  occurs a t6
app ro x im ate ly  2 0 ,500  cm. *. There  is a p p a r e n t ly  l i t t l e  v a r i a t i o n  
in the energy o f  t h i s  s t a t e  w i th  changes in r in g  ang le .
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The molar  e x t i n c t i o n  c o e f f i c i e n t s  f o r  the 2 -phen y ln aph tha lene
2 if 4  if
t r a n s i t i o n s  a r e  observed to  be 10 , 10 , 5 x 10 and 4 x 10 r e s p e c t iv e ly  
f o r  1 *- ‘A, 1 La «- 'A, ' •- 'A,  and 'C^ *“ 'A r e s p e c t i v e l y  w i t h  some
v a r i a t i o n s  w i t h  r in g  ang le .  A l l  these t r a n s i t i o n s  a r e  broad and 
s t r u c t u r e l e s s  a t  room tem p era tu re ,  but a l a rg e  increase  in  
s t r u c t u r e  is  observed a t  77°K.. The abnormal ly  l a r g e  in c rease  in  
s t r u c t u r e  a t  low tem pera ture  is i n d i c a t i v e  o f  a Boltzmann d i s t r i ­
b u t io n  of m o le c u la r  c o n f i g u r a t io n s  about the angle  between the r in gs .
A t  77° K o n ly  the lower energy angles a r e  a p p r e c ia b ly  populated  and the  
d i s t r i b u t i o n  is  narrowed.
There a re  s e v era l  a d d i t i o n a l  research  problems suggested by t h is  
research.  The SCFMO c a l c u l a t i o n s  have been very  success fu l  in p r e ­
d i c t i n g  the energy s ta te s  in p la n a r  2 -p hen y ln aph tha lene .  These c a l c u ­
l a t i o n s  should be extended to  in c lu d e  the v a r i a t i o n s  in  energy w i t h  
an g u la r  changes. I f  one could a l s o  o b t a i n  an e x p e r im e n ta l  va lu e  f o r  
the  r in g  a n g le  in  the  e q u i l i b r i u m  ground s t a t e  from e l e c t r o n  d i f f r a c t i o n  
measurements and o b t a i n  a reasonable  hydrogen-hydrogen re p u ls io n  f u n c t i o n ,  
i t  would be p o s s ib le  to  c a l c u l a t e  the shape o f  the  ground s t a t e  z e r o -  
p o in t  energy curve f o r  2 -p h en y ln ap h th a len e .  Th is  could be compared 
w i t h  the curve  q u a l i t a t i v e l y  p r e d ic t e d  from the ex p e r im e n ta l  o b s e rv a t io n s .
A c a l c u l a t i o n  of  t h i s  k ind would be s i m i l a r  to t h a t  c a r r i e d  out by
68Goodwin and M o r ton -B lake  on b ipheny l .
68T* H. Goodwin and P A* M or ton -B lak e  loc. c i t .
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I t  was observed t h a t  halogen s u b s t i t u t i o n  in  the V - p o s i t i o n  has 
a r e l a t i v e l y  l a r g e  s p i n - o r b i t a l  cou p l ing  e f f e c t  on 2 -phen y ln ap h tha lene .  
The exp e r im e n ta l  data  i n d i c a t e  t h a t  V - h a l o - 2 - p h e n y lnaph tha lene  mole­
cules  have r e l a t i v e l y  smal l  ang les between the r ings .  I t  would be 
very  v a l u a b le  to  observe how s p i n - o r b i t a l  c o u p l ing  v a r i e s  w i t h  V -  
h a lo  s u b s t i t u t i o n  as the r in g  ang le  is  changed. T h is  could be 
accomplished by measuring phosphorescence l i f e t i m e s  o f  compounds 
such as 2 ' - m e t h y l - 4 ' - c h lo r o -2 -p h e n y ln a p h t h a le n e  o r  l - m e t h y l - 4 ' -  
c h lo r o - 2 - p h e n y ln a p h th a le n e  and the corresponding  4 ' -b ro m o  d e r i v a t i v e s .
In these compounds the phenyl r in g  would be held  a t  l e a s t  p a r t i a l l y
out  o f  p lane  by the methyl  group. T h is  exper im ent  should e s s e n t i a l l y  
e l i m i n a t e  any p o s s ib le  e f f e c t s  o f  the 4 1-ha logen  changing the p l a n a r i t y  
of the  m olecu le  compared w i t h  t h a t  of  2 -p h en y ln ap h th a len e  i t s e l f .
S ince th e r e  was ev idence  t h a t  2 ' - c h l o r o  and 2 ' -b rom o had a
s t a b i l i z i n g  e f f e c t  on the 90 degree m o lecu la r  c o n f i g u r a t i o n ,  the  
next l o g i c a l  s tep is  to  a t tem p t  p r e p a r a t i o n  of  the 2 ' - i o d o - 2 - p h e n y 1 -  
naphtha lene .  T h is  compound has a high p r o b a b i l i t y  o f  having predom- 
i n a n t e l y  90 degree c o n f i g u r a t i o n  and could not p o s s ib ly  become p lan ar .
A f i n a l  and very  im portan t  exper im ent  t h a t  is  suggested is  a 
tem pera ture  study o f  the 1B^ •- 'A t r a n s i t i o n s  f o r  the compounds in 
which the  90 degree d i s t r i b u t i o n  was b e l ie v e d  to  be a p p r e c ia b ly  
popula ted .  T h is  study should in c lu d e  a sys te m a t ic  study o f  the shape 
o f  the  1 •- 'A t r a n s i t i o n  d i s t r i b u t i o n  as the  tem pera ture  v a r i e s  to  
a c e r t a i n  whether or  not  i t  changes in  accordance w i t h  a Boltzmann 
d i s t r i b u t i o n .  Th is  should a ls o  a l lo w  one to  c a l c u l a t e  the energy
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d i f f e r e n c e  between th e  two minima in  the z e r o - p o i n t  energy curve. Th is  
exper iment  could a ls o  be extended to  in c lu d e  2 -p h en y ln aph tha lene  and 
the f l u o r o  d e r i v a t i v e s  in  which no 90 degree d i s t r i b u t i o n  was observed.  
I f  r a ised  to  a high enough tem p era tu re ,  even these compounds should 
e x h i b i t  some p o p u la t io n  o f  the l a r g e r  angles .  One would expect  l i t t l e  
s t a b i l i z a t i o n  o f  the 90 degree c o n f i g u r a t i o n  in these molecules due 
to  the smal l  s i z e  of the f l u o r i n e  and hydrogen atoms.
These a r e  only  a few o f  the many exper im ents  t h a t  can add to  the  
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A b b r e v ia t  ions
■ Angstroms
■ E l e c t r o n  v o l t s
■ Isopentane hydrocarbon so lven t
■ 3- nriethylpentane hydrocarbon so lven t
■ Mixed hydrocarbon so lv e n t  composed of  
pentane and isopentane in a 1:6 volume
■ M i l l i m i c r o n s
■ S e l f  c o n s is te n t  f i e l d  m o lecu la r  o r b i t a
-m e thy1-  
ra t  io
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FIGURE 3 2 .  Room T e m p e r a t u r e  and 7 7 °  K.  A b s o r p t i o n  o f  






























77°K A b s o r p t io n  F re q u e n c ie s  o f  F lu o r a n th e n e
Cm. -1
24 ,631  
25 ,063  
2 5 ,4 4 5  
25,806 
2 6 , 178 
26 ,525  
26 ,882
2 7 .7 7 8  
2 8 ,3 2 9  
29 ,197  
29 ,673  
30,960 
3 1 ,347  
32 ,362  
3 2 ,7 8 7  
3 4 ,1 3 0  
3 4 ,7 2 2  
35 ,336  
35 ,461
3 5 .7 7 8  
36,101  
3 6 ,7 6 5  
3 7 ,5 9 4  
3 8 ,023  
38 ,536  
3 9 ,4 4 8  
4 2 , 1 9 4  












F Iu o r  escence
E x c i t e d  a t  283 mu 
S l i t -  0 . 9 8  mm
550
Phosphorescence
E x c i t e d  by AH-6 
S i l t -  1 .2  mm
550
Wave I ength mu
FIGURE 35 .  77 °  K. Emission Spec tra  o f  S y n t h e t i c
F lu or a n the n e  1n 3-methy I pentane
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TABLE XXXI I I 
Emission Frequencies  o f  F luoranthene
Fluorescence
A Cm. 1 A  v
1+070 2 4 ,5 7 0  0
4150 2 4 ,0 9 6  474
4260 2 3 ,4 7 4  1096
4330 2 3 ,0 9 5  1475
4375 22 ,883  1687
4430 22 ,573  1997
4600 2 1 ,7 3 9  2831
4690 2 1 ,322  3248
4725 2 1 ,1 6 4  3406
4925 2 0 ,3 0 5  4265
5250 19 ,048  5522
Phosphorescence




5605 17 ,841  695
5790 17,271 1265
5845 17 ,109  1427
5875 17,021 1515
5925 16 ,878  1658
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